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Abstract
The work described in this thesis investigates the effects of bandstructure 
modifications, brought about by Landau confinement, hydrostatic pressure and 
uniaxial stress, on recombination processes in naiTow-gap materials and laser diodes.
The effects of Landau confinement on the characteristics of InSb-based emission 
devices operating at a wavelength of ~5jxm at 77K were studied. The change in 
performance due to the magnetic field applied along both the cavity and the growth 
direction and thereby simulating quasi-quantum wire and quasi-quantum dot 
structures clearly demonstrated the benefits, such as reduced threshold and 
temperature sensitivity, gained by the reduced dimensionality. On the other hand, 
suppression of LO-phonon emission due to the discrete nature of the density of states 
was observed, for the first time, in an interband laser device. i
Interband recombination dynamics were studied in Ini.xGaxSb and PbSe over a range I
of excited carrier densities and temperatures down to 30K. Detailed analysis of the 
results found that the Auger-1 mechanism is reduced in Ini.xGaxSb as a function of 
Ga-fraction due to the increased bandgap energy, in good agreement with theoretical 
predictions. In PbSe, the Auger-1 rate was observed to dominate at low excited earner 
concentrations in spite of near-mirror bands, and was found to be approximately 
constant between 300K and 70K and was seen to be quenched in the low temperature 
regime. Stimulated emission was seen to be the most efficient recombination 
mechanism at high excited carrier densities at low temperatures. The Auger 
coefficient in PbSe was found to be one to two orders of magnitude lower than for 
materials with a Kane band structure (Hgi.xCdxTe) with comparable bandgap.
An experimental technique was developed which enables measurements at high 
hydrostatic pressures and high magnetic fields at low temperatures. Hydrostatic 
pressures were applied to a 1.5|im laser diode at different temperatures revealing the 
effects of pressure on the band structure and hence the laser characteristics. A visible 
laser diode was measured under the simultaneous application of hydrostatic pressure 
and uniaxial stress. The change in performance was satisfactorily explained in terms 
of leakage of carriers into the X-minimum in the cladding region, the process that has 
been suspected of being one of the major loss mechanisms in visible laser diodes.
Vlll
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Introduction & Résumé of Recent Results of MId-IR Laser Diode Research
1.1 Introduction
1.2 Résumé of Recent Results of Mid-IR Laser Diode Research
1.3 References
1.1 Introduction
Infrared technology (1pm - 100pm) has gained considerable interest over the past few 
years due to their huge potential for industrial and military applications such as optical 
gas sensor instrumentation, thermal imaging, remote sensing of chemical and biological 
agents, environmental and process monitoring, laser surgery, photomedicine, counter 
measure systems, spectroscopy etc. Prospects for mid-IR (3pm - 20pm) research is 
looking promising as this emerging technology matures and the list of publications 
continues to become more numerous and diverse. Both industry and academia have 
intensified their endeavours towards the design and fabrication of emitters and detectors
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operating at room temperature and recent results obtained from emission devices are 
presented in Paragraph 1.2.
The driving force for emitters has mainly been miniaturisation since most existing 
powerful lasers for the mid-IR are gas lasers (with the exception of the free electron 
laser) which are expensive to operate and the size imposes severe limitations regarding 
their applications. One great problem that has been encountered when trying to downsize 
the dimensions of emitters is that of heat dissipation. It is the need for cooling of 
semiconductor based mid-IR laser devices which has so far limited their use for 
commercial applications. Over the next few years, it will be rather interesting to see 
which approach and combination of materials will be most appropriate for the fabrication 
of room temperature diode lasers.
This thesis is primaiily concerned with the basic physical processes believed to cause the 
heating which undermines the performance in a group of semiconductor materials and 
devices known as narrow-bandgap semiconductors, in which the effective bandgap 
energy is taken to be less than leV. In such materials, the proximity of the conduction 
band states to the valence band states results in a strong coupling, giving a small electron 
mass and a strong non-parabolicity in the conduction and light-hole bands. This band 
structure leads to enhanced non-radiative Auger recombination mechanisms. Devices 
based on narrow-bandgap semiconductors therefore suffer from low efficiencies due to 
this intrinsic non-radiative Auger recombination mechanism, which limits the carrier 
lifetimes. The problem of Auger recombination and how it can be effectively overcome 
remains one of the most interesting issues and demanding challenges.
The major objective and motivation of this work was to study the effects of Landau 
confinement, hydrostatic pressure and biaxial strain on the electronic band structure, all 
of which show distinct modifications. A theoretical description of these effects on the 
band structure is given alongside experimental evidence that the modified band structure 
accounts for the altered characteristics, and Auger recombination can, in principle be
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removed by employing low dimensional structures together with band structure 
engineering techniques.
The processes that are believed to account for the heating in these devices are subject of 
investigation in Chapter 4. Reducing the dimensionality of the carrier movement to one 
or zero by applying magnetic fields to bulk and quantum well devices, respectively has 
been predicted to enhance carrier lifetimes (not so advantageous for interband devices) 
due to the suppression of phonon scattering [MUK96, SCH96], On the other hand, device 
characteristics are expected to improve due to the modified density of states [ARA82, 
ARA8 6 , ASA8 6 , DEG87, BAN87, 0GA91, 0GA91a]. Such one-dimensional (quantum 
wire) or zero-dimensional (quantum dot) structures have a near delta-function-like 
density of states, which acts to suppress the LO-phonon emission by removing states into 
which the electrons can scatter. It also greatly enhances the differential gain, which is 
beneficial for emission devices. Quantum dots are believed to be temperature insensitive 
and have virtually zero threshold. This approach allows the degree of carrier confinement 
to be tuned continuously and to study the effects of resonances between energy levels 
(i.e. Landau levels) in one device.
The primary concern of Chapter 5 is to study the interband recombination dynamics in 
narrow-gap semiconductors, such as bulk Ini.xGa^Sb (x: 1% - 20%) and bulk PbSe. The 
main objective was to improve the current understanding of Auger recombination 
mechanisms in these two technologically very important mid-IR materials systems. An 
accurate experimental technique and analytical models were used for studying the 
interband recombination dynamics, which have shown to give good agreement with 
previous experimental results [MUR93, CIB96, CIE97, CIE97a, PID97, FIN98, FIN99].
The development of an experimental technique, which allows characteristics of electronic 
and optoelectronic materials and devices to be investigated under hydrostatic pressure 
and at low temperatures is described in Chapter 6 . The transmissivity of the high 
pressure window used in the pressure cell thereby limits the range of emission devices to 
be studied to a wavelength range between 0.2)Lim to 6 jxm. A measurement was carried
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out, which has proven the feasibility of such experiments and has revealed promising new 
physics to be studied in the future.
In collaboration with a research group at Colorado State University, Ft. Collins, CO, 
USA, a new type of pressure cell was designed and a prototype was tested which, for the 
first time, allows the simultaneous application of hydrostatic pressure and uniaxial stress. 
An experiment, which was carried out in Colorado but analysed in Surrey, is detailed in 
Chapter 7. A visible laser diode was used and the result has shown the effects of biaxial 
stress on the laser characteristics, giving evidence to what has been thought to be one of 
the major loss mechanisms in visible diode lasers.
The basic principles of operation of semiconductor laser diodes are described in Chapter 
2 together with a brief depiction of the non-radiative Auger and other loss mechanisms 
that account for the relatively high threshold currents and low efficiencies of mid-IR laser 
devices. It also forms the basis for the understanding of the physical effects being 
measured in the remainder of this thesis. Theoretical models for the band structure of 
bulk InSb in the presence of a magnetic field and the effects of hydrostatic pressure and 
strain on the electronic band structure are given in Chapter 3. These models are essential 
for the analysis of the experimental results presented in this thesis.
Chapter 1 Introduction & Résumé of Recent Results ...______________________5
1.2 Résumé of Recent Results of MID-IR Laser Diode Research
The continuing quest for diode lasers operating at room temperature for the mid-IR 
spectral region (SjLim - 2 0 |im) has seen intriguing developments over the past few years. 
A practical mid-IR laser source should be compact and should not require cooling (at 
most thermoelectric cooling can sometimes be tolerated), and must often deliver 
continuous wave (cw) or average powers on the order of IW [MEY98]. Devices with an 
emission wavelength between 3jxm - 5pm in particular seem to have triggered world­
wide interest mainly due to the absoiption-free window in the water vapour spectrum, as 
shown in Figure 1.1.
Transmittance in air 
Wavelength (nm)
1
Wavenumber (cm )
Figure 1.1; Transmission
2° spectrum  o f  a ir  showing
10 strong absorption  due to w ater
0 vapor and C O 2.
Several approaches have been made to fabricate diode lasers with an emission 
wavelength within this absorption-free window operating at T=300K. These attempts 
together with the latest results shall be discussed here briefly. The most important 
ventures include the interband (type-I) laser diode, the type-II superlattices and the 
quantum cascade lasers (both interband and intersubband). There have probably been 
many more approaches but it would be beyond the scope of this thesis to give a general 
and comprehensive review of mid-IR laser diode research. More information can be 
found in the literature [PID97, KRI97, HAY98].
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(A) Interband (type-I) laser diodes
Laser diodes for the mid-IR based on direct interband transitions still suffer from a high 
Auger recombination current [KOT98], which explains the remaining low operating 
temperatures [ASH98]. Diode lasers with an Ino.948Alo.o52Sb gain region have been grown 
on nominally matched InGaSb and on mismatched InSb substrates. The former had a 
stimulated emission wavelength of 3.9pm at 77K, a threshold current density, Jth, being 
140Acm“^  and a maximum operating temperature of 165K. The output power, Pom, was 
measured to be 95mW. The latter had a stimulated emission wavelength of 3.6pm at 77K, 
with Jth being 417Acm’^ , a maximum operating temperature of 160K and a Pout of 20mW. 
[ASH98]. MQW lasers (121 wells) have been grown (InSb/Ino.904Alo.o96Sb on 
Ino.948Gao.o52Sb substrates), but no significant improvements were seen (Jth=240Acm'^, 
X=3.8pm; Tmax=151K; Pout=100mW). Optical confinement is ensured via heavily doped 
cladding regions which is thought of being the weakest point in the design. The latest 
design for a MQW laser (20 0.5% strained wells grown on Ino.77Gao.23Sb substrate) is 
based upon a conventional design of a double heterostructure laser, which is expected to 
work at much higher temperatures according to theoretical predictions.
Room temperature 1.5W output power has been seen at a wavelength of 2pm in 
AlGaAsSb/InGaAsSb single quantum well broadened waveguide laser diodes [GAR97]. 
lUxGai-xAs/InAsP (0.81<x<0.95) double heterostructure (DH) lasers with an emission 
wavelength ranging between 2.2pm and 2.5pm at 77K have been measured yielding Jth of 
around 250-400Acm‘^  at 80K and Tmax of 150K [KRI99]. InAs/InGaAs MQW lasers 
with X=2.55pm at 77K have shown Jth of 70Acm'^ at 80K and slightly higher Tmax 
compared with the DH devices [KRI99].
For many years the only IR laser sources available were based on IV-VI lead salts. The 
mirror images of the conduction and valence bands are thought to be ideal for the 
suppression of direct Auger recombination, but intervalley Auger scattering seems to 
have to some extent removed this perceived advantage. They emit at wavelengths of 
about 3-30pm with maximum operating temperatures of about 290K [CH096, FEL97,
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LIN97, KUR97]. The power output at these high temperatures is in the range of pW only. 
For most applications this means the devices have to be cooled. Growth has been refined 
over many years, metallurgical and especially thermal conductivity problems are severe 
though and cooling requirements mean that applications of the commercially available 
devices are few [FEI96]. Lead-salt (PbSe/PbSrSe) MQW lasers have shown a maximum 
operating temperature of 282K at 4.75pm in the pulsed mode. Continuous wave (cw) 
operation was observed up to 165K at 5pm. Ith decreases from 40K to 90K for both 
pulsed and cw emission. The fact that these lasers were in no way optimised allows the 
expectation that IV-VI lasers will operate at and above room temperature in the neai* 
future [SHI95].
(B) Type-II superlattices
Several narrow-gap strained layer superlattices (SLSs) based on the InAsi-xSbx alloy have 
been explored with a view to reducing Auger recombination for MIR lasers [ALL96, 
CIE96, DIA97]. In a type-II band alignment, electrons and holes are confined in spatially 
separated layers, therefore reducing Auger recombination due to the smaller 
wavefunction overlap. For wavelengths towards the 4.2pm CO2 absorption line, lasers 
with InAsi-xSbx SLS active regions dominate, usually grown pseudo-morphically on In As 
or GaSb, with GaSb having a better lattice-match but inferior substrate quality. However, 
strain considerations only allow small Sb contents (x~8 %) to be used in the InAsi.xSbx 
active layers. This limits lasing in the current devices to wavelengths close to the In As 
bandgap (3.4 pm at 300K). In the active region of the laser, holes are confined to 
compressively strained layers, producing a low ground state with a low in-plane heavy- 
hole effective mass. It is also necessary to maximise Ih-hh splitting to suppress Auger 
recombination. Good performance was observed for an optically pumped SLS laser. The 
laser with an emission wavelength of 3.86pm at 240K displayed an output power of 
300pW and a characteristic temperature To=33K [KUR97].
Optically pumped type-II “W” lasers emitting in the 5.4-7. lp,m wavelength range and at 
continuous-wave at temperatures up to 210 K have been demonstrated. At 80 K, the
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maximum CW output power from a 40pm wide pump stripe is 48mW at 5.41pm and 31 
mW at 6.05pm [FEL99],
Methods have been developed to optimise designs to suppress Auger recombination 
processes in superlattice active regions based on the broken-gap InAs/InGaSb system 
where the conduction band of InAs is below the valence band of the alloy [GRE95, 
FLA96, FLA97]. Predicted suppression of Auger recombination has been confirmed at 
low temperatures [MCC96]. MQW InAs/GaSb laser heterostructures with broken-gap 
band alignment in the active region have been grown by MBE and have shown to have 
promise as long wavelength emitters [BAR97]. Active layers of InAs were inserted into a 
GaSb matrix. Room temperature lasing was achieved at 1.98pm and 2.32pm.
(C) Intersubband quantum cascade lasers
One promising alternative to the conventional diode laser is the quantum cascade laser 
(QCL) that was first demonstrated experimentally by Capasso and co-workers at the Bell 
laboratories [FAI94]. These devices emit from 3 to 17pm [FAI95, FAI96, SIR96, SIR98, 
GMA98, STR99, SLI99, SLI99a]. The 17pm emission was achieved in pulsed mode up 
to 150K with peak output powers of ~12mW at 5K and still a few mW at 120K [TRE99]. 
In the QCL, which is unipolar because it does not contain holes, injected electrons in a 
(Al,Ga)InAs heterostructure grown on In? (the sample design is a real tour-de-force in 
MBE growth [CAP97]) traverse a staircase-like structure and can emit a photon at each 
step via an optical intersubband transition between the electron energy levels in a 
quantum well. In a pictorial way, this laser is freed from "bandgap slavery" i.e. the 
emission wavelength depends now on the layer thickness and not on the bandgap of the 
constituent materials. Because of this cascade of photons, QCLs have displayed higher 
cw output powers (700mW per facet at 22K) [FAI98] than any other electrically pumped 
semiconductor laser emitting beyond 3p,m, and also the highest pulsed operating 
temperatures (T,nax^320K) [CAP97]. However, threshold current densities remain high 
due to non-radiative emptying of the upper lasing subband on a ~lps time scale via 
optical phonon scattering. As a consequence, cw operation has thus far been limited to
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temperatures <160K, which falls slightly short of the best results for conventional diode 
lasers in the mid-IR. Compared to conventional (interband) lasers, the quantum cascade 
laser has the following advantages. Firstly, as mentioned above, the same semiconductor 
material whose technology is very well mastered can be used to manufacture lasers 
operating across the whole mid-infrared (and potentially even further in the far-infrared). 
Note: Intersubband far-infrared electroluminescence at 8 8 pm (based on vertical 
transitions) has been demonstrated [ROC98]. The luminescence peak had a FWHM of 
O.TmeV at low excitation currents (30Acm‘^ ) at 5K. Secondly, it is based on a cascade of 
identical stages (typically 20-50), allowing one electron to emit many photons, emitting 
more optical power. Thirdly, the dominant non-radiative recombination mechanism is 
optical phonon emission and not Auger recombination (as it is the case in narrow-gap 
materials). This will eventually lead to higher operating temperatures, according to Faist 
et al [FAI99]. Recent results demonstrate the possibility of electrically tune the 
wavelength by means of a strong linear Stark shift. The tuning range at 260K was 40cm'^ 
corresponding to a wavelength tune from 9.75pm to 10.15pm [MÜL99].
(D) Interband quantum cascade lasers
The interband cascade laser (ICL) is another approach that has the potential to overcome 
the limitations of QCLs and conventional interband lasers, and thereby provide high cw 
output powers at high operating temperatures. First proposed by Yang [YAN95, YAN96] 
and refined by Meyer et al [MEY96], the ICL takes advantage of a cascade geometry like 
the QCL, but eliminates the phonon relaxation path because the active optical transitions 
are interband (between conduction and valence band) rather than intersubband. At high 
temperatures, one can therefore expect the non-radiative lifetime limited by Auger 
recombination to be roughly three orders of magnitude longer («Ins in the ICL versus 
«Ips in the QCL, which is still long compared to the radiative lifetimes in a QCL). The 
net threshold current density reduction will be closer to one order of magnitude because 
the injected carrier density required to reach population inversion is «lO^^cm'^ in the ICL 
versus «lO^^cm'^ in the QCL. The defining feature which permits cascading to occur in 
an ICL is the occurrence of nearly elastic electron scattering between valence band states
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in one stage of the device and the conduction band states in the next. This interband 
transport path is made possible by the type-II overlap between the conduction band in 
InAs and the valence band in GaSb (or related alloy combinations).
Four performance advantages of an ICL over conventional interband laser diodes have 
been predicted and confirmed [MEY98]. Firstly, high slope efficiencies (like in a QCL, 
every injected electron can emit a photon in every stage (20-25)) of the order of 1.1 have 
been measured [FEL97a, YAN97]. It is suspected that in practice, a photon is most often 
not emitted at each stage due to the remaining poor material quality. Secondly, high 
output powers are expected and have been demonstrated. Peak output powers of 300mW 
for pulsed 2.8pm to 3.0pm emission at lOOK [FEL97a] have been observed. Another 
3.9pm ICL produced up to 480mW at 80K [YAN97]. Thirdly, low threshold currents, 
and consequently high operating temperatures are anticipated. Temperature dependent 
threshold current densities for a 3.0pm and a 3.6pm ICL have been measured, which 
yielded chaiacteristic temperatures of 44K and 53K [OLA98, YAN98]. For T>220K both 
ICLs had lower threshold current densities than any previously reported mid-IR 
semiconductor laser. The 3.6pm device lased up to a temperature of 286K, which is 
nearly 60K higher than any earlier result for an interband III-V diode emitting beyond 
3.3pm.
Which of the approaches, presented here in brief, will eventually succeed remains, at this 
point, to be seen. Nevertheless, over the next few years it will be rather interesting to see 
how the numerous challenges will be tackled before any of the ideas and designs will be 
ready for transitioning to practical IR systems. The promising results obtained to date 
should be viewed as no more than a proof of concept. However, despite the enormous 
success of intersubband and interband cascade lasers and the common conception, that 
conventional interband type-I lasers have the least promising future, they may win at the 
end dominating the 3-7pm spectral region simply because of the their simple growth 
(only a few layers are needed) and providing more strain can be incorporated into future 
MQW devices to suppress Auger recombination.
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2.1 Introduction
The primary concern of this Chapter is to highlight and familiarise the reader with the 
basic principles of semiconductor lasers and it forms in many ways a foundation of 
the remainder of this thesis. This is essential in order to fully appreciate the work 
presented here. It illustrates and explains the terminology used in semiconductor laser 
research. A more thorough examination of semiconductor laser theory and device 
performance can be found in several textbooks, such as Agrawal and Dutta [AGR86], 
Milonni and Eberly [MIL88], Casey and Panish [CAS78] and Thompson [THO80].
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The latter part of this Chapter is dedicated to the recombination processes occuring in 
semiconductor laser diodes and ascribes typical features of measurable characteristics 
to these processes. Loss mechanisms and ways of suppressing them are described to 
explain why the efficiency still is far from optimum and some lasers, such as the ones 
investigated in Chapter 5, only operate at low temperatures.
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2.2 Principles of Laser Theory
LASER is an acronym for “Light Amplification by Stimulated Emission of 
Radiation” and has become a generic term for coherent light sources with typical 
features such as narrow linewidth, high temporal and spatial coherence, that 
distinguishes them from other light sources such as Light Emitting Diodes (LED’s).
2.2.1 Gain Medium
In most laser systems, radiation (light) of some given frequency (colour) is generated 
by first feeding energy into a medium (such a medium is for example Helium-Neon 
gas, a ruby crystal or a semiconductor material) and then extracting that energy again 
by stimulating the medium with radiation of the same frequency. The medium then 
releases this energy in the form of optical radiation (photons) of the same frequency. 
The optical radiation has to be amplified, which is achieved by circulating the 
radiation between two reflecting mirrors such that it interacts many times with the 
medium. Therefore, the medium is called the gain (amplification) medium. The 
mirrors of the laser keep photons from escaping completely, so that they can be 
redirected into the active laser medium to stimulate the emission of more photons. By 
making the mirrors partially transmitting, some of the photons are allowed to escape. 
They constitute the output laser beam.
The gain medium is an important part of a laser since it determines most of the 
characteristics of that laser. The medium determines, for example, the possible range 
of frequencies at which the laser can operate. These frequencies depend on the 
quantum-mechanically allowed energy transitions that can take place in the medium. 
Frequently these energy transitions are given by the discrete energy levels that the 
electrons can occupy. Electrons are an elementary constituent of matter, and are 
bound to atomic nuclei by the electromagnetic force (some electrons can travel more 
or less freely through matter and can give rise to well-known effects such as electric 
current). An electron that resides at a certain energy level and makes a transition to a 
lower one can lose the energy difference in the form of a radiation package with a
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certain frequency. The energy difference fixes the frequency or colour of the 
radiation. The available ranges of energy levels in the different gain media have made 
it possible to operate lasers from the ultraviolet up to the far-infrared frequencies. 
Some parts of the spectmm are covered well by lasers, like the part that is visible by 
the human eye, and other parts like the ultraviolet and far-infrared are less well 
covered. This is because it is more difficult to find a gain medium with the range of 
suitable energy levels.
In this thesis, only lasers that utilise gain media of the form of semiconductor 
materials are considered and therefore these lasers are labelled as semiconductor 
lasers. In order to understand how gain is achieved in a semiconductor, the three 
fundamental processes of light interacting with matter are briefly reviewed. These are 
spontaneous emission, absorption and stimulated emission as shown in Figure 2.2.1.
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Figure 2.2.1: Illusti ation of the three fundamental processes of light interacting with matter.
(a) Spontaneous emission, (b) Absorption, (c) Stimulated emission. Electrons are represented by black 
circles and holes by open circles.
In an undoped, direct bandgap semiconductor in thermal equilibrium, the conduction 
band usually contains only a few filled states and the valence band a few empty states. 
The small number of electrons in the conduction band will tend to recombine with the 
empty states or holes in the valence band, in the process of which a photon is emitted 
by spontaneous emission. If however, a photon of suitable energy passes through the 
material, it has a high probability of being absorbed by interaction with an electron in 
the valence band exciting the electron into the conduction band. The third process 
occurs when a photon of suitable energy interacts with an electron in the conduction
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band stimulating the electron to recombine with a hole in the valence band and emit a 
second photon of the same frequency and phase. The more such photons are produced 
by stimulated emission, the faster is the production of more photons, because the rate 
of stimulated emission is proportional to the flux of photons. Stimulated emission is a 
highly improbable process in the case of thermal equilibrium, because the population 
of electrons in the conduction band is very small. In order to increase the probability 
of stimulated emission one has to increase the number of electrons in the conduction 
band. This is normally achieved by electrical injection. As the number of electrons in 
the conduction band increases, a point is reached when a photon will have the same 
probability of causing stimulated emission as of being absorbed, and this leads to the 
semiconductor becoming optically transparent. The condition for net stimulated 
emission is that first stated by Bernard-Duraffourg [BER61]:
hv (2 . 1)
where Ep^ and Ep^ are the quasi-Fermi levels in the conduction and valence bands, 
respectively. Hence, there is net stimulated emission, or optical gain, for photons with 
energies, E=hv, between the bandgap. Eg, and Ep  ^and Ep^, a range (a few tens of nm) 
which corresponds to a wide spectral bandwidth, as shown in Figure 2.2.2.
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Figure 2.2.2: Schem atic o f  the gain as a function o f  photon energy an d  the peak  gain versus current 
density. The m ode which is nearest to the peak  o f  the gain spectrum w ill lase a t threshold. F or sm all 
current densities, the peak  gain is considered to increase linearly with current density. F or high  
current densities, the peak  gain  saturates.
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Figure 2.2.2 shows a schematic of the gain as a function of photon energy (left) and 
the variation of the peak gain with current density (right). The low energy cut-off in 
the gain spectrum (point of zero gain) occurs at the bandgap energy, Eg, because there 
are no states in the forbidden bandgap. The high energy cut-off occurs at transparency 
condition, where stimulated emission is balanced by absoiption. There is a certain 
number of injected carriers per unit volume, or carrier density, above which the 
semiconductor will undergo net stimulated emission. This is known as the 
transparency carrier density. The gain becomes negative (absorption) at energies 
greater than the quasi-Fermi level splitting. Here the population of carriers is 
insufficient to satisfy the conditions for net positive gain. The mode, which is nearest 
to the peak of the gain spectrum, will lase at threshold.
On the right hand side of Figure 2.2.2, the peak gain can be seen to increase linearly 
with current density and moves towards higher photon energies (not shown). 
However, as the peak gain continues to increase, the gain/current characteristics starts 
to roll over. This is the region of gain saturation. As the quasi-Fermi levels move into 
the bands with increasing current density, the occupation probability of carriers, given 
by the Fermi distribution function, at the band edge rapidly approaches 1. Thus, the 
increase in gain at a particular photon energy for a given increase in injected cairier 
density is steadily reduced and the gain becomes saturated.
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2.2.2 Density of States
The carrier density at which the Bernard-Duraffourg condition is satisfied depends 
largely on the density of states (DOS) in the conduction and valence band. The DOS 
of a bulk 3-dimensional semiconductor is shown in Figure 2.2.3 (a), along with the 
carrier occupancy (shaded area). It can be seen that the DOS and the carrier 
occupancy becomes vanishingly small as the band edge is approached.
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Figure 2.2.3; Schem atic diagram s show ing how the DOS, p, varies with dim ensionality. The insets 
illustrate rectangular po ten tia l w ell configurations o f  the corresponding quantum confined structure,
(a) bulk (3D ); (b) quantum w ell (2D ); (c) quantum w ire (ID ); (d) quantum d o t (OD). The shaded  areas  
indicate occupied  sta tes fo r  sim ilar carrier densities.
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The majority of direct (no change in momentum) radiative transitions in a laser take 
place via carriers in states close to the conduction and valence band edges. Thus, the 
3 -dimensional structure is highly inefficient since there are very few carriers close to 
the band edge to take place in radiative recombination. In contrast to this picture is 
that of a 2 -dimensional quantum well DOS and carrier occupancy, shown in Figure 
2.2.3 (b). Here, the DOS has a step-like shape with a finite value at the band edge, 
therefore carrier occupancy is higher at lower energies as compared to the bulk case. 
This increase of the DOS at the band edge becomes even more pronounced in the case 
of a quantum wire (1-D) (c) and a quantum dot (0-D) (d) and greatly enhances the 
number of carriers that can take part in radiative recombination. Furthermore, the 
DOS is not only increased, but also peaked, so that any further injected carriers 
remain near the band edge after reaching transparency, and therefore contribute to the 
gain. This effect is subject of investigation in Chapter 5 where quantum wire and 
quantum dot lasers are simulated by means of a magnetic field.
Finally, the density of states for a 3-D, 2-D, 1-D and 0-D structure is given by (spin 
included):
VË
- i t ? ® * * - * ' *
,3/2
,-1/2
(2.2)
where 0(x) is the Heaviside function (0(x) = 0 for x < 0, 0(x) = 1 for x > 0) and 
l,m,n = 1,2,3, ... are integer level quantum numbers.
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2.2,3 Threshold Carrier Density
Although stimulated emission occurs as soon as the carrier density increases above 
the transparency point, the laser does not emit coherent laser light until the number of 
carriers exceeds a certain critical value, known as the threshold carrier density, nth. 
This value corresponds to the point where the net stimulated emission, or optical gain, 
equals the various optical losses in the laser. However, optical gain alone is not 
enough to lead to lasing. The other fundamental requirement is that of optical 
feedback, which for the purposes of this thesis is achieved by the cleaved facets of the 
semiconductor laser forming a Fabry-Perot cavity. The cleaved facets provide a high 
enough optical intensity reflection due to the differences between the refractive 
indices of the semiconductor and air. The net round trip gain of a Fabry-Perot cavity 
of length L and facet reflection coefficients Ri and R2 is given by:
g fp ^ R iR 2 exp[2L(G -  Œ; )] (2.3)
where G is the modal optical gain and a, is the internal optical loss. In a 
semiconductor laser, the width of the propagating optical field profile is typically 
larger than the thickness of the gain region. Consequently, the optical field only partly 
overlaps with the gain region and this overlap is expressed by the optical confinement 
factor, r. Thus, the modal gain is related to the material gain by the factor F, given 
by:
G = T g  (2.4)
The optical loss is also dependent on the optical confinement factor. The optical 
material loss in the laser (excluding facet loss) can be represented by the following 
equation (ignoring scattering losses):
a. ~ r + (1 ~ r (2 .5 )
where aact and oCciad are the optical losses (for example free carrier absorption or inter­
valence band absorption) in the active and cladding (barrier) regions, respectively.
Chapter 2 Principles of Semiconductor Laser Diodes_____________________^
At threshold, the round trip gain, gpp = 1, giving:
rg,„ =r«„„ +(i-rK u +^in J (2.6)
where gth is the threshold material gain.
The threshold carrier density for a simple bulk laser can then be approximated by:
where A is the differential gain with respect to carrier density.
2.2.4 Threshold Current
Injection of carriers into the laser is achieved by applying a voltage across the laser. 
The carriers recombine radiatively and non-radiatively to produce a current through 
the laser and an associated threshold current density, Jth.
hu = Kad + ) (2 .8 )
where J„r is the contribution to the current density from non-radiative recombination 
and Jrad from radiative recombination. A is the monomolecular (non-radiative) 
recombination coefficient, B is the bimolecular (radiative) recombination coefficient, 
and C is the Auger (non-radiative) recombination coefficient, and nth is the threshold 
carrier density. The functional forms relating A, B, C and nth to the radiative and non- 
radiative contributions to the threshold current density are also shown. The relative 
proportions of the total threshold current is heavily dependent on both the 
optoelectronic properties of the active region material and the engineered laser design.
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2.2.5 Non-Radiative Auger Current
Non-radiative recombination mechanisms include recombination via defects, surface 
recombination, Auger recombination and current leakage effects. By far the most 
important contribution to the non-radiative current in long-wavelength semiconductor 
lasers (X > 1.5jxm) is Auger recombination, of which there are two possible 
mechanisms: direct (band-to-band) [BEA59, THO80, DUT81, DUT82] and phonon- 
assisted [EAG61] Auger recombination.
A schematic of the direct and phonon-assisted Auger recombination processes are 
shown in Figure 2.2.4.
In a direct process, an electron (1) and a hole (1’) recombine across the bandgap, 
exciting a third carrier to higher energy, due to a Coulombic intercation between the 
carriers. There are three dominant processes involving excitation of an electron (2) to 
a higher lying conduction state (2’) (CHCC or Auger-1), an electron (2) from the 
light-hole band into an empty heavy-hole state (2’) (CHLH or Auger-7) or from the 
spin-orbit split-off band (2) into an empty heavy-hole state (2’) (CHSH), as shown in 
Figure 2.2.4.
The direct process involves three carriers and has a rate that may be approximated 
(using Boltzmann statistics) [AGR8 6 ] by:
(2.9)
where C is a complicated expression determined by the bandstructure and optical 
matrix elements, n is the carrier density, k is the Boltzmann constant, AE is the 
activation energy for the process and T is the absolute temperature.
Chapter 2 Principles of Semiconductor Laser Diodes_____________________^
so so
CHCC CHLH
SO SO
CHSH CHCCP
Figure 2.2.4: Schem atic d iagram s illustrating the principle A uger recom bination mechanisms: (a) 
C H CC (o r A uger-1} (b) CHLH (or A uger-7) (c) CHSH. A ll these recom bination processes can be 
phonon assisted, such a s  the CH CCP process.
The relative strengths of these processes are heavily dependent on the temperature and 
bandgap of the semiconductor because the laws of energy and momentum must be
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conserved for the four particles (1, 2, 1’, 2’). These processes can therefore give rise 
to a strongly temperature sensitive threshold current variation in devices where this 
loss mechanism is present. The activation energy AE dictates the temperature 
sensitivity of the process. The minimum activation energy for the CHCC process, 
assuming parabolic bands with me«mh and Boltzmann statistics is given by [PID97]:
SE{CHCC) =  E , (2.10)+ m,,
where me and mh are the electron and hole effective mass, respectively and Eg is the 
bandgap energy. It can be seen from this equation that the activation energy is 
proportional to the bandgap energy. Eg, and is inversely proportional to the hole 
effective mass, mh. Thus, it was predicted by Adams [ADA8 6 ] that a reduction in mh 
due to the incorporation of compressive strain into a laser device would reduce the 
Auger recombination rate due to an increasing activation energy, AE.
Recent work has shown that the CHCC process is dominant in bulk n-type Hgi. 
xCdxTe and the CHLH process is dominant in bulk p-type Hgi-xCdxTe, and so these 
have received most attention in narrow-gap semiconductors [SCH85]. For larger 
bandgap semiconductors there is sometimes a significant resonance between the 
bandgap and the spin-orbit splitting and the CHSH process becomes important.
The CHLH (or Auger-7) process is initiated by a heavy-hole collision and therefore 
would be expected to be important in p-type material, although in intrinsic material 
CHCC (or Auger-1) would still be expected to dominate. Exploiting the similarities 
between the Auger-1 and Auger-7 processes, Beattie et al [BEA89] defined the 
Auger-7 rate in terms of the Auger-1 rate, using a dimensionless constant, y:
R^-n=— -  (2 .1 1 )Y n
This approxiamtion is only valid for semiconductors where mh»me. It can be seen 
from equation (2.11) that the Auger-1 rate is much faster than the Auger-7 rate, unless
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the material is strongly p-doped. The constant y for example is found to range 
between y= 8  at 295K and y=7 at 75K in Hgoj95Cdo.205Te [CEE97].
The phonon-assisted processes are similar to the direct processes except that the final 
state ( ! ’) is reached by interaction with a phonon from an intermediate state ( 1 ” ), as 
shown in Figure 2.2.4.
The temperature and bandgap dependence of direct Auger processes arises from the 
conservation laws of energy and momentum. In the phonon-assisted processes 
conservation of momentum is satisfied through phonon participation and significantly 
reduces the temperature and band structure dependence of these processes.
2.2.6 Efficiency
Figure 2.2.5 shows a schematic of the light output from the facet of a laser as a 
function of the drive current through the laser, known as an L-I plot.
I
Linear regime dominated 
by stimulated emission 
Gradient Tj,i
Spontaneous emission 
and non-radiative 
recombination Threshold Current Figure 2.2.5; A schem atic diagram  o f  a light- current, L-I, p lo t fo r  a typ ica l sem iconductor 
laser.
Current I [mA]
Below threshold, the current mainly consists of spontaneous recombination current 
and non-radiative recombination current. When I > Ith, stimulated emission starts to 
dominate. As can be seen, immediately above threshold, the light increases 
dramatically in a linear fashion with current for an ideal device. The slope of the 
lineal' region is the external quantum efficiency, of the laser (slope efficiency). Tjd 
is a measure of the efficiency with which current is converted into photons by
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stimulated emission, and is proportional to the ratio of the photon escape rate to the 
photon generation rate, given by:
Vd — 'Hi
- L i n2L
2 L In clad
(2.12)
where rji is the internal efficiency, which is the ratio of the radiative recombination 
rate to the total recombination rate. Above threshold, stimulated emission dominates 
and ideally, T|i = 1. Hence, the external efficiency is then simply related to the ratio of 
the optical loss through the facets to the total optical loss including the active and 
cladding regions.
2.3 Suppression of Auger Recombination
Auger recombination accounts for the relatively high threshold currents and high 
temperature sensitivities in narrow-gap diode lasers [SWE98, HIG99, PHI99]. In 
1.3pm and 1.5pm telecommunication lasers. Auger recombination is believed to form 
50% and 80%, respectively of the threshold current at room temperature and 
atmospheric pressure [PHI96, SWE99]. The suppression of Auger type recombination 
mechanisms is achieved using a set of techniques collectively referred to as “Band 
Structure Engineering” (BSE) [ADA8 6 , YAB8 6 , YAB8 8 , REI89], These techniques 
comprise of (a) internal strain, (b) type-II potentials, (c) superlattices and (d) quantum 
confinement. BSE was originally developed to improve the performance of near- 
infrared semiconductor laser diodes. The central principle in BSE is to make it harder 
to satisfy energy and momentum conservation conditions for Auger by modifying, or 
engineering, the band structure. An excellent review article about the suppression of 
non-radiative processes in mid-IR devices is given by [PID97].
(a) Internal Strain
The application of biaxial stress has been shown to modify the light- and heavy-hole 
dispersions in Chapter 3, Paragraph 3.5 with the conduction band only experiencing
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an energy shift. One of the effects of in-built compressive strain is that it reduces the 
heavy-hole effective mass in the growth plane (kn), therefore increasing the activation 
energy of the CHCC process (equation 2.10). As can be seen in Figure 2.3.1 (a), the 
lighter heavy-hole mass restricts the number of possible final electron states (2 ’), and 
therefore impedes the laws of momentum conservation.
(b) Type-II Potentials
In type-II multi-quantum well structures (MQW) and superlattices (SL), the resulting 
bandgap can be substantially smaller than that of either of the constituent layers, 
providing the quantum size effects are not too large. The fundamental band edge is 
then associated with transitions between hole states localised in one type of layer and 
electrons states in another, separated in real space from each other. This spatial 
separation of the carrier wavefunctions in a type-II structure will reduce the overlap of 
the wavefunctions for the Auger process, although this will have a detrimental effect 
on the radiative process, which relies upon a strong overlap between the band edge 
electron and hole wavefunctions. Since such structures can be grown from wider 
bandgap, better controlled materials (mainly InP- and GaAs-based), Auger 
recombination is believed to be significantly reduced (Figure 2.3.1 (b)).
(c) Superlattices
Subband states extend throughout the superlattice, forming mini-bands, which have a 
finite dispersion along the kz-direction due to the periodicity of the system. For 
suppression of Auger recombination, it is desirable to have the conduction subband 
width, AEc, less than Eg, since there will be no states available for the 2 ’ electron to 
scatter into, thus completely suppressing the electron Auger mechanisms in the k% 
direction (Figure 2.3.1 (c)).
(d) Quantum Confinement
The separation between the light- and heavy-hole (sub)bands can be increased using 
quantum confinement, with a corresponding increase in the degree of suppression. 
This will be greatest when the subband splitting is greater than the bandgap energy, 
which also applies to the conduction subbands. Separation between the band edge
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subbands and higher order subbands should be designed to avoid resonances with the 
bandgap energy, which would enhance the Auger scattering.
(a) Internal Strain
Unstrained
Strained
(b) Type-II alignmentÏWÏÏI Mil
(c) Conduction miniband 
width AEc < Eg
AE,
(d) Remove subband 
resonances
h2
Figure 2.3.1: Schem atic illustration o f  various types o f  techniques used to suppress A uger  
recom bination.
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Band Structure Theory
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3.1 Introduction
A full description of the background theory required for the analysis of the 
experimental results in Chapters 4, 5, 6  and 7 are provided in this Chapter. The 
accuracy of the underlying models eventually relies on the precise knowledge of the 
band structure. In the case of the excite-probe measurements described in Chapter 5, 
knowledge of the non-parabolic nature of the band structure in narrow-gap 
semiconductors is required for two reasons. Firstly, an accurate determination of the 
excited carrier densities as a function of photon energy necessitates the knowledge of 
the band structure in terms of its effective mass and the Fermi energy. Secondly,
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carrier recombination processes and hence recombination lifetimes depend strongly 
on the energy dispersion of the carriers. Therefore, the accuracy of the theoretical 
predictions of the carrier lifetimes is strongly correlated to the quality of the 
knowledge of the band structure. The magnetic field studies of narrow-gap interband 
laser diodes in Chapter 4 required a detailed band structure calculation in order to 
ascribe the observed changes in performance to the modified band structure in the 
presence of a magnetic field. Therefore, a description of the behaviour of 
semiconductors in a magnetic field is reviewed. The theoretical analysis of the 
pressure measurements in Chapter 6  and 7 require a good understanding of the 
dependence of the band structure on pressure and strain. Aspects of hydrostatic 
pressure and strain are considered and their fundamental effects on the band structure 
are elucidated in the latter part of this Chapter. Finally, expressions are derived which 
are used in the analysis.
In III-V zinc-blende, narrow-gap semiconductors the conduction band dispersion is 
determined by a very strong k-p interaction between the conduction band states and 
the valence band states. In this narrow-gap case, the parabolic model, which neglects 
the k-p interaction, is not sufficiently accurate. The Kane model is used to account for 
the non-parabolicity. A derivation of the Kane model is therefore given and the final 
expressions, which are used for the analysis in Chapter 5, are presented [K1AN57]. 
The Pidgeon and Brown model [PID6 6 ] forms the extension of the Kane model to 
include the effects of a magnetic field, which is used for the interpretation of the 
experimental results in Chapter 4. Finally, the fundamental changes brought about by 
the application of hydrostatic pressure and built-in strain are described and 
expressions of the band edge energies as a function of these variables are given.
Note: In this Chapter, symbols indicating vectors are printed bold (e.g. r) in the text 
whereas an arrow is used in the formulas (e.g. r ).
3.2 k-p theory
The k'p method was originally developed to explore the properties of the energy 
bands and wave functions in the vicinity of some important points in k-space with the
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aid of perturbation theory. As such, the method follows very straightforwardly from 
the Bloch form of the wave function and was employed for special puiposes very 
early in the development of band structure theory. For example, the approach is used 
by Seitz et al [SEI40] to derive an expression for the effective mass. The mass 
formulas were extended to the more complicated case of degenerate bands by 
Shockley [SHO50]. Dresselhaus et at [DRE55] added the important ingredient of 
spin-orbit interaction in their classic paper on cyclotron resonance.
The k*p method, coupled with the use of symmetry, shows that the band structure in 
the vicinity of a point in k-space depends on a small number of parameters (bandgap 
energies and masses), which may be accurately determined by experiment. Many 
practical uses do not require the knowledge of the band structure over the entire 
Brillouin zone but only at the extrema of the energy bands. These high symmetry 
points, by and large determine the electronic properties of semiconductors and it is 
therefore of interest to have a more detailed knowledge of the band structure for small 
k-values about these points. Using the k*p method, an interaction matrix can be 
derived which describes the band structure of the conduction band and the heavy- 
hole, light-hole and spin-orbit split-off valence bands in the vicinity of the F-point, the 
centre of the Brillouin zone. Most ni-V  and II-VI semiconductors have a zinc-blende 
crystal structure with symmetry of the tetrahedral or Td point group. In the absence of 
spin-orbit coupling, the three valence bands that originate from bonding p-orbitals, are 
degenerate at the F-point. These states are labelled \hh), \lh), |jo ). Spin-orbit
coupling lifts this six-fold degeneracy and gives rise to a quadruplet (symmetry “Fg”) 
which corresponds to J=3/2, and a doublet (symmetry “F?”) which corresponds to 
J=l/2, where J is the total angular momentum. These correspond to the light- and 
heavy-hole, and the spin-orbit split-off band, respectively. The conduction band, 
which is derived from antibonding s-orbitals is labelled l^) (symmetry “Fe”).
In a bulk crystal with an infinite periodic lattice, the one-electron Schrbdinger 
equation, which must be solved for an electron in band n, is:
HWn,i7) =
2
S —  + V{r) 
2 m„ = (3.1)
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where mo is the free electron mass, p (canonical momentum) is given by the operator 
(-ihV) and V(r) is the crystal potential, which has the periodicity of the crystal lattice. 
Bloch showed that the wavefunction \|/n,k(r) may be written as:
yr^ /r) = ^'"'w„Xn (3.2)
where Un,k(r) has the periodicity of the lattice potential V(r) and k lies in the first 
Brillouin zone. The cell periodic function has the property that Un,k(r+t)= Un,k(r), 
where t is a translation vector corresponding to a translation with the period of the 
unit cell of the crystal. The wavefunction now satisfies:
+ n  = (3.3)
Substituting (3.2) into (3.1) (the differential operator acts twice on the product) and 
multiplying from the left by gives:
= (3.4)
which may be written as:
( ^ 0  = (3.5)
where
ffo = ^ + ^  + l/(r) and ^ p
2 w2o 2 /2ÎO ' Î1ÎQ
The Un,k(r) are expanded in terms of the complete set of band edge (F-point) functions 
(for any k they form a complete set [LUT55]):
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(3.6)
where m runs over all band edge F-states. Substituting (3.6) into (3.2) gives:
= (37)m
Premultiplying (3.7) by Un,o*(r) and integrating over a unit cell (real space) gives the 
following matrix equation:
I  ^ ^
= (3.8)
where
a
= ( < o |p “ |w„,o)
(3.9)
(3.10)
Equation (3.8) may be used to calculate the band structure over the entire Brillouin 
zone, it is most useful for small k about the F-point. The k p term in (3.8) is being 
taken into account by using standard (non-degenerate) perturbation theory. By 
definition, the first order energy shift with k for a band extremum is zero. With only a 
second order correction to En,o, the En,k are then given by:
^n,k ^ « .0  2 m
^ « ,0  -^ I.O (3 11)
Equation (3.11) holds a good approximation as long as k is small, i.e. En,k-En,o « En,o- 
Em,o, the band edge energy gaps. The result, which defines the “Effective Mass 
Approximation” for a single band, is:
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£„(Æ) = ê „(0) + ^ 2 * < « 4 7 ^ / î : a ./3e{^.y ,z}  (3.12)
^  a .P  M n
where
M-n n=iti £',1,0 £ / , 0
|Xn“’^  is the effective mass tensor which describes the energy dispersion in the vicinity 
of the zone centre. It reflects the net effects of a periodic potential V(r) by the use of 
an effective mass rather than the free electron mass. Equation (3.13) shows, that the 
interaction of band n with bands of small energy separation reduces the effective 
mass, which is the case for narrow-gap semiconductors such as InSb.
3.3 The Kane model
The energy dispersion given in equation (3.12) is only valid for small k-values 
(perturbation theory was used to take k*p term into account). When conduction and 
valence bands lie in close proximity to each other, the resulting strong coupling 
requires a more detailed analysis of the E„,k dispersion. Using an extended 
perturbation approach beyond second order is rather cumbersome and therefore 
seldomly used. Kane [KAN57] modified the k*p perturbation method by including 
exactly the interactions between the conduction band (Tg) states and the valence band 
(T? and Eg) states and the k-independent spin-orbit interaction. Higher and lower band 
interactions were then included as a perturbation.
Up to this point, the electron-spin variable has been ignored. The spin-orbit energy 
has the form;
(3.14)4/WoC
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where a  are the Pauli operators on the electron-spin variable. This leads to two 
additional terms in equation (3.5), namely:
kso with = S'4 m y a (3 15)
Hkso being the k-dependent spin-orbit tenn and is usually neglected since it is very 
small compared to Hso. This is because the main contribution to the spin-orbit 
interaction comes from the core region of the atom where VV and p are very large 
compared to k Hso may be represented in equation (3.14) by a single parameter. A, 
which is the spin-orbit splitting of the p-states and can be defined via group theory 
arguments [KAN82]:
A = -3f n ^ x |(v y x p )Jz ) (3.16)
The inclusion of spin-dependent terms requires a new basis set of eight states rather 
than the original four. A new basis set (k=0) can be chosen such that the spin-orbit 
interaction is diagonalised. This new basis set is formed with linear combination of 
the band edge cell periodic functions, with the top of the Fg k= 0  valence bands 
generally taken to be the zero of energy.
Un 1 l'p . , 0 E„ (k=0)
Ui cT 1 1 \ | .T ) Eg
2 ' 2 /
U3
Us
u?
h h î  
I h i  
so i
3 3 \ 
2 ' 2/
3 1'
2 ’ 2y
i _ i '  2 ’ 2 ,
[x + iy) Î 0
-A
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U2 C - I 1 i \ Eg
2 ’ 2 /
U4
U6
Us
hh 'I 
I h t  
so T
3 3'
2 ’ 2 ,
3
2 ’ 2 .
i i 2 ’2 ^ V + l y ) 4 + z T ] \
0
-A
Table 3.1: Kane basis se t a t the F-point [001  /.
Kane defined the interaction between the conduction and valence bands via a single 
matrix element:
(3.17)
The 8 x 8  interaction matrix is expressed as two 4x4 matrices in the case of kz=0 for 
the Fg conduction band interacting with the F? and Fg valence bands. Higher bands are 
included by perturbation theory to the order of k ,^ in a similar form to equation (3 .1 1 ), 
the summation now excluding the conduction and valence bands.
The renormalised Hamiltonian with the interaction of the conduction and valence 
band with higher bands included as a perturbation is given by:
whei'e (3.18)I £«.o~£/.o
where F denotes the F states not included in the main basis set, n and m are the bands 
in the main basis set and I is in F . The bulk Hamiltonian matrix for the [001] direction 
is now formed using the basis set of Table 3.1 and the renormalised Hamiltonian, 
equation (3.18), and is given in Table A1 in Appendix A. In Table A l, the constants
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Yi, Y2 , and 73 are the modified Luttinger parameters, which were originally defined by 
Pidgeon and Brown [PDD6 6 ]:
r  = r ' - — ^  (3.19)
/ '  = 7i + {n  -y,)[(3cos^ 0 - l ) / 2 f
r" = %r,+)^ri+y^ (n -  n  )[(3 cos' 6» - 1)/ 2]'
where Ep=2moP'/Ii' is the Kane energy term. j\, j 2 and J3 describe the coupling of the 
valence band states to higher bands while (7 2-7 3) describes the anisotropy of the 
energy band around the F-point. The final three terms appear in the magnetic field 
Hamiltonian, and depend on the angle 0 between the B-field and the z-axis. The F 
term in the Hamiltonian Al in Appendix A gives the effect of higher order bands on 
the Fg band, and is normally neglected.
To calculate the band structure in the proximity of the F-point, one has to diagonalise 
the Hamiltonian in Table Al with the eigenvalues giving the allowed eigenenergies 
and the eigenvectors giving the coefficients fn,m in (3.6).
For the case A»Eg, simple expressions for the energy eigenvalues can be obtained 
(contributions from higher order bands are negligible) by solving the secular equation:
E'-{e '{e ’-E^  \E'+A)-{kPf{E'+2A/3)}=  0 (3.20)
where
(3.21)2/7ÎQ
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The solutions to (3.20) are:
2mo 2 | " V " 3
£/„ -  J £ ;  (3.22)
*0
£/i/i -    (further solution)
•'hh
.2 i 2 n2 j 2
where nihh is the heavy-hole mass. Rewriting equations (3.22) and using Kane’s 
energy term Ep=2 moP^/h^ gives:
277ÎQ 2  1 V 3EI I iUq\
2 mo 2  -M  ^ 3E; 2 m^
£/,/, =  (further solution)
2 m;„,
(3.23)
2 ^ 0  3(Eg + a )  I jUq
The above equations are used in the excite-probe model when analysing bulk narrow- 
gap semiconductors where A»Eg, such as InSb and InGaSb, see Chapter 5.
3.4 Pidgeon-Brown model
Luttinger et al [LUT55], [LUT56] first described the modifications of the band 
structure due to the effects of an external magnetic field. Their approach was similar 
to Kane’s where a canonical transformation (a transformation of coordinates and
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momenta which leaves the Hamilton equations invariant) was used to eliminate the 
interband coupling term up to the order (uncoupled band model). Using group 
theoretical analysis, Luttinger found the matrix elements linking the valence band Lg 
set, i.e. the light- and heavy-hole band states only. His results included adjustable 
parameters 71% 72% 73^ and K which were linear combinations of Kane’s. This model 
was extended by Roth et al [ROT59] to include the T? split-off band. Pidgeon and 
Brown (PB) then developed the model (coupled band model) further by including the 
Fg conduction band coupling exactly, combining the results of Kane et al and Roth et 
al. The PB model was termed the quasi-germanium model since they neglected terms 
associated with the effects of inversion asymmetry which are zero for semiconductors 
such as Si and Ge, and generally negligible for semiconductors in the Tg symmetry 
group, such as InSb (in addition to the zincblende tetrahedral symmetry, the cubic 
diamond lattice possesses inversion symmetry about the point midway between two 
nearest neighbour atoms).
Assume the B-field to point along the z-axis, the Schrodinger matrix equation takes 
the form:
Ej.O^iJ + 2 ^ccEffkp + —  2  PIjK  + ~  • (<5'3 )/,y
a,P a  ^
(*)/,, (3.24)
where
(3.25)
i and j: states of two conduction and six valence bands 
/: states of all higher bands 
a, p€ {x, y, z}
The canonical momentum operator is defined as k=(p+eA)/h, where p is the 
momentum operator, and the vector potential A is generally chosen as A=(-By,0,0) 
(Landau gauge). s=heB/mo is the free electron cyclotron energy. The pij“ term is the 
momentum matrix element between bands i and j along the a-direction.
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The first term in equation (3.24) is the band edge energy at k=0 for each basis state 
and already includes the k-independent part of the spin-orbit coupling since it is 
diagonal in the chosen basis. The k-dependent part of the spin-orbit coupling, 
following Kane has been neglected. The second term is the coupling of higher bands 
(/) with the main basis (i,j). This coupling is included as a perturbation. The third term 
is the k'p interaction between conduction and valence bands which reduces to Kane’s 
interaction term in zero field. The fourth term is the spin magnetic energy.
In the presence of a magnetic field along the z-direction, the motion in the z-direction 
is unaffected and thus the k% term remains the same. The motion in the x-y plane is 
completely quantised, and the in-plane wavevectors are expressed in terms of 
harmonic oscillator creation and annihilation operators, a’*' and a.
.^v + ky = i ^ ( a - a ^ )
with: = V»A-i »
a^a(j),^-n(f),  ^ (3.26)
where the (j>n’s are harmonic oscillator functions and are eigenfunctions to the creation 
operator, a"*" and the annihilation operator, a.
The Hamiltonian can now be constructed using the operators in (3.26), with k% and ky 
expressed in terms of the Landau level number n. The full 8x8 Hamiltonian in the 
[001] orientation is given in Table A2, Appendix A.
For bulk semiconductors, the 8x8 Hamiltonian reduces to a decoupled pair of 4x4 
matrices in the case of kz=0. Pidgeon and Brown assumed B in the (110) plane and 
wrote H in two parts, Hq+Hi. Most of the anisotropy is included in Ho which can be 
solved exactly assuming k%=0, and neglecting Hi. Hq separates into two 4x4 matrices 
for the a- and b-set (second order momentum matrix elements which arise from a lack 
of inversion symmetry are being neglected):
^ 0  =
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The 4x4 Hamiltonian matrices, Ha and Hy are given in Table A3 in Appendix A and 
were used in Chapter 4 to calculate the Landau level spectrum of the conduction band 
in InSb. The zeroth order wavefunction for a given band n is now:
(3.28)
where the summation is over 8  bands of the main basis. The envelope functions , f are 
the eigenvectors of the Schrodinger equations:
(3.29)
where the solutions are of the form:
««> = ^ X n ^ n - \5^,h^ h+1 l^ «) =
^6 ,n ^n -\
^4,n^ii+ l
(3.30)
The (j)n’s are harmonic oscillator functions, with n>.0. Therefore, for n=-l, 
ai=a3=b2=b6=bs= 0  and for n=0, a3=bg=b8=0 . For each n>l there are 8  independent 
solutions [|fl(n)),|^(n))] which are denoted, in order of decreasing energy, conduction
band [|a;"'(M)),] '^(»))], heavy-hole [|fl"(«)),|^"(«))], light-hole [|«''(/2)),|^'*'(«))]
and split-off band [|a'(«)^,|^'(/i)^]. Figure 3.4.1 shows a schematic of the band
structure of a zincblende semiconductor with spin-orbit coupling and the Landau level 
energies for both the a-set and b-set, respectively.
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(a) (b)
Figure 3.4.1; Schem atic band structure o f  a zincblende semiconductor.
(a) E(k) when B - 0  showing the transform ation classes.
(b) The Landau level energies (up to n = 3  fo r  each band) fo r  the a-set and b-set.
The diagonalisation of the 4x4 matrices is done numerically and the energy levels are 
obtained for a given set of parameters and magnetic field. The adjustable parameters 
used include those of Luttinger but with the contributions from the conduction band, 
which is treated here exactly, subtracted off (see equation (3.19) for modified 
Luttinger parameters).
Aggarwal [AGG72] and Weiler [WEI81] have given approximate solutions to 
equations (3.29) for the conduction and valence band energies, effective masses and
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g-factors. Expressions for the conduction band mass and light-hole (+) and heavy- 
hole (-) masses at high n are respectively given by:
I L  = - ^  + y ,±
2 1
+  •
6 E.. ■+r + 3
E.
6 E. ■ + r J J
1/2
(3.31)
(3.32)
The above expressions are used in the analytical model used for the analysis of the 
results obtained from the excite-probe experiments in Chapter 5.
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3.5 Effects of Hydrostatic Pressure and Biaxial Strain
The formalism derived here will be used in Chapter 7 to calculate the hydrostatic 
pressure and strain induced energy shifts of the conduction and valence bands and 
consequentially its impact on the behaviour of the threshold current of a visible laser 
diode with pressure and uniaxial stress. Below follows a discussion of the effects of 
built-in strain when a layer of different lattice constant is grown on a substrate of 
fixed lattice constant. The discussion is also valid for externally applied stress if the 
hydrostatic and uniaxial components are both adjusted to give the same strain vector. 
In general, it is not possible to emulate biaxial strain with external uniaxial stress 
alone.
3.5.1 Strained Layers
The complex behaviour of most of the band structure is difficult to explain without 
considering the interactions of all the bands, however the simple picture of interacting 
s- and p-orbitals can be useful in understanding some basic ideas.
Under hydrostatic pressure, the overlap increases between the orbitals and therefore, 
as a result of the enhanced interaction, the bandgap increases. Under axial strain, the 
cubic symmetry of the p-orbitals is removed and the degeneracy of the heavy-hole 
and light-hole bands is lifted (Figure 3.5.1).
• ♦ • ^ #
# # ♦ •
• Im  # 4 #  # #• n •• •
Figure 3.5.1; Schem atic illustration o f  how the sym m etry o f  a cubic array o f  p -orb ita ls behaves under 
the influence o f
(a) no strain o r  hydrostatic pressure
(b) axial strain. In this case, the cubic sym m etry is removed.
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To introduce strained-layer structures, the growth of a thin epitaxial layer of material 
with lattice constant ae on a thick substrate with lattice constant as is considered (see 
also Appendix C for more detail). Growth is assumed to be along the [001] direction, 
the dominant experimental direction. Mailhiot [MAI87] and Smith [SMI8 6 ] have 
considered some of the consequences of growth along other axes, in particular along 
[1 1 1 ] direction, and predict novel effects caused by built-in piezo-electric fields.
For a sufficiently thin epitaxial layer, it is reasonable to expect all the strain to be 
incorporated in the layer. The epilayer is under a biaxial stress such that its in-plane 
lattice constant, a ,^ equals the substrate lattice constant as. The net strain in the layer 
plane, 8 j|, is given by:
1^1 = .^u- = ^yy = («.V “  )/ (3.33)
> 0  layer is under biaxial tension
g|i < 0  layer is under biaxial compression
In response to the biaxial stress, the layer relaxes along the growth direction, the strain 
S i  (= S zz) being of opposite sign to G,, and given by:
2v^1 = - — 1^1 (3.34)
where v is Poisson’s ratio. For tetrahedral semiconductors, v is approximately 1/3 so 
that ej_= -8 || [MAD82]. It will be seen below that the effect on the band stmcture at the 
band edge due to the total strain can be resolved into a purely axial component, 
proportional to 8 ax defined as:
^iix -  / ^  (2^ zz -  ^ v.v “  ) -  ^1 -  Al = Al (3.35)
(in case of hydrostatic pressure Eax=0; Appendix C)
which is positive for uniaxial tension and biaxial compression, and a hydrostatic 
component, proportional to 6 voi defined as:
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v^oi — -  Axv v^v + 2^11 = Al (3.36)
(in case of hydrostatic pressure 8voi=38n)
For biaxial strain only and assuming v » 1/3:
^ax -  “ 2 £||
= Al (Appendix C) (3.37)
The stability of strained layers was first studied by Frank and van der Merwe 
[FRA49]. As the thickness of the strained layer increases the energy stored in the 
structure also increases until a critical thickness, he, is reached at which point plastic 
relaxation occurs and defects and dislocations will become prevalent. Below the 
critical layer thickness, the strained layer is expected to be the thermodynamically 
stable state. The energy required to introduce a dislocation is large, as it involves 
breaking a line of bonds. Once present, the dislocation energy increases slowly with 
layer thickness due to the strain field associated with it. There will thus be a critical 
layer thickness, he, below which a dislocation-free strained layer will be stable (Figure 
3.5.2).
The dislocations have a detrimental effect on the performance of optoelectronic 
devices. The defect and dislocation areas act as non-radiative recombination centres 
degrading the efficiency of the devices and decreasing the intended in-built strain. 
Andersson [AND87] has demonstrated that high quality growth of lUxGai.xAs on 
GaAs can be achieved so long as the product of the lattice-mismatch and the layer 
thickness is approximately less than 2 0 0 Â%.
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Layer thickness
Mis-matched
h < hr
(a)
(b)
Substrate
Figure 3.5.2; (a) C om parison o f  the energy stored  p e r  unit area in a stra ined  layer, w ith the 
energy p e r  unit area, EcUs, in a d islocation  network relieving the strain. F or h <  ha, the stra ined  layer is 
stable, as illustrated  in (b).
3.5.2 Valence Bands
The effects of strain on the band structure have been subject of thorough investigation 
[WAL89, REI89, KRI91, LIV96]. All semiconductors discussed in this thesis have 
the zinc-blende structure, with a band structure that includes three degenerate valence 
bands at the F-point. These bands are strictly degenerate only in the absence of strain 
and spin-orbit splitting (see also Paragraph 3.3). The average energy of these valence 
bands is referred to as Ey, av = (Ehh+Eih+Eso)/3. When no strain is present, spin-orbit 
effects raise Ehh and Eij, with respect to Esq. Axial components of the strain lead to 
additional splittings, which interact with the spin-orbit splittings to produce the final 
valence band positions. The strain splittings themselves are proportional to the 
magnitude of the strain, and are well described in terms of deformation potentials.
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The effect of strain on energy levels can be decomposed into hydrostatic and axial 
contributions and shall be discussed separately.
The hydrostatic strain component leads to a shift of the average valence band energy
Ey, av*
where ay is the hydrostatic deformation potential for the valence band. The hydrostatic 
deformation potentials express the shift of the energy band of interest per unit 
fractional volume change.
The axial contribution has an interaction energy, which couples to the spin-orbit 
interaction and leads to an additional splitting of the valence band energies. The 
energy shifts with respect to Ey. av are for axial strain along [001]:
where A is the spin-orbit splitting and ôEqoi is defined as:
^ 0 0 1  “  ~ ^ xv) “  (3.40)
and b is the axial deformation potential (normally negative) for a strain of tetragonal 
symmetry. If the spin-orbit splitting is large compared with the strain, A » 0 E o o i ,  (in 
GaAs for 0.7% biaxial tension: A/ÔEooi =0.16), equation (3.39) reduces to:
= X A  + X «® 00,
~ Z^^OO} (3.41)
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It can clearly be seen from equation (3.41), the heavy-hole band goes down in energy 
whereas the light-hole band moves up in energy in the case of ôE ooi> 0  (£ax<0, i.e. 
epilayer is under biaxial tension). The total strain induced energy splitting is:
^  ”  ^v,lh ^ v M  -  ^ 0 0 1 (for large spin-orbit coupling) (3 .4 2 )
The band structure of an unstrained, bulk, direct-gap, zinc-blende semiconductor is 
illustrated in Figure 3.5.3 (a), while (b) and (c) show the band structure under biaxial 
tension (5E oo i> 0 , £ax<0) and compression (0E ooi< 0 , £ax>0), respectively.
Under biaxial tension (b), the hydrostatic component of the tension reduces the mean 
bandgap (see Paragraph 3.5.3 for the effects on the conduction band), while the axial 
component splits the degeneracy of the valence band maximum and introduces an 
anisotropic valence band structure. Note that this introduces an ambiguity in 
terminology, as the highest band is now light along k i (equation 3.41), the strain axis 
(=growth direction) but heavy along k|i (in the growth plane). Normally, bands are 
labelled by their mass along the strain direction.
I
so
kki
(a) (b)
k|i
(c)
Figure 3.5.3: A schem atic representation o f  the band structure o f  a  tetrahedral d irect-gap  
sem iconductor, (a) unstrained, (b) biaxial tension (£ay<0), (c) biaxial com pression (£ax>0).
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In addition there is ambiguity in the use of the terms compressive and tensile strain 
when refering to layers with built-in strain. The convention is that “compressive 
strain” refers to the biaxial component and is taken to be positive because of 8 ax> 0  and 
vice versa for tensile strain. Under biaxial compression (c), the mean bandgap 
increases and the valence band splitting is reversed, so that the highest band is now 
heavy along k±, and comparatively light along kn [REI89].
3.5.3 Conduction Bands
The procedure outlined above for valence bands also applies to degenerate conduction 
bands (with the simplification that no spin-orbit splitting enters). Direct conduction 
bands ( at the F-point) are non-degenerate and therefore only subject to hydrostatic 
strain shifts.
The hydrostatic strain component (and hydrostatic pressure) leads to a shift of the 
conduction band edge energy (at the F-point):
= «C- (2^11 + fj. ) = (3,43)
where ac (in III-V semiconductors negative) is the hydrostatic deformation potential 
for the conduction band which is similar to the shift of the average valence band 
energy (see equation 3.38). For biaxial compression (8voi<0), the band edge energy at 
the F-point increases according to equation 3.43.
The total energy change of the direct bandgap ( at the F-point) is then given by:
SE^ = SE'^ - ' S E Z . , ^ \ S E ^ ^
Indirect conduction bands (at L- or X-point) are degenerate when no strain is applied. 
For instance, there are six equivalent [001] directions, the conduction band valleys all 
coincide in equilibrium, but can be split by the application of strain in appropriate 
directions. In that case, the value Ec'"^  should be considered to be an average over the
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conduction band valleys in spatially distinct directions. The shift of the mean energy 
of the conduction band extrema is given by:
(3.45)
Note: The deformation potential is also sometimes denoted as E| (see [LAB82]). 
Conduction band minima along [111] direction are not split by uniaxial strain along 
[001] direction. Under uniaxial strain along [001], the bands along [100] and [010] 
split off from the one along [001]. The splittings of the bands with respect to the 
average energy for uniaxial strain along [0 0 1 ] is then given by:
= % E f (£„ -£ „ .) = % (3.46)
- f i„ )  = E^e„  (3.47)
The total splitting of these bands is:
_  ^ , 00.010 (3 .4 8 )
The superscript “X” on E%^  indicates which type of conduction band valley is 
considered, while the superscript on ôEc^ ^^  refers to the direction of the particular 
conduction band minimum.
Equations (3.38-48) are derived in the linear regime and might therefore become 
invalid for large strains. However, the linear approximation is expected to be adequate 
for any strain that can be achieved in practical pseudomorphic layer growth 
[WAL89].
Equations (3.38-48) are used in Chapter 7 to calculate the energy shifts of the 
conduction band minima at the F-point and X-point and valence band shifts due to 
hydrostatic pressure and uniaxial strain along [0 0 1 ] direction.
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4,1 Introduction
Extensive work has been devoted to the performance maximisation of mid-IR laser 
diodes. Past efforts have been focussed on the reduction of the high temperature 
sensitivity, optical cavity loss, non-radiative recombination as well as the extension of 
the wavelength range currently available from interband mid-IR laser diodes. Chapter 
5 examines recombination dynamics in materials, such as Ini.xGaxSb, to be used for 
these type of lasers with the objective to reduce non-radiative recombination losses. 
Furthermore, Chapter 6  and 7 elucidates a novel technique to measure the threshold 
behaviour as a function of bandgap energy and the significance of strain in terms of 
the suppression of loss mechanisms.
Another possibility is to look into the improvements gained by using low dimensional 
structures such as quantum wires and quantum dots. The growth of InSb-based wires 
and dots is somewhat difficult due to the large lattice mismatch between InSb and any 
other substrate material. It was only until recently that InSb quantum dots grown on a 
GaSb substrate [ALP99] were demonstrated. Therefore, a different approach had to be 
chosen in order to study the effects of carrier confinement in terms of laser 
performance.
Magnetic fields have been applied up to 12T to bulk and quantum-well lasers. When 
the field points along the growth direction, carriers will be forced into closed orbits in 
a plane perpendicular to the field direction due to the Lorentz force. If a bulk structure 
is used, this will impose a band structure and a density of states (DOS) similar to a 
quantum wire, whereas if the initial device is a quantum well, it will result in a 
situation very similar to a quantum dot. Furthermore, quantum wire lasers can be 
simulated experimentally by large magnetic fields applied to both bulk and quantum 
well structures, when the magnetic field is applied along the cavity of the device. The 
size of these low dimensional structures, i.e the degree of confinement can easily be 
tuned by changing the magnitude of the magnetic field. Therefore, a whole range of 
different sized structures with identical interfaces and surfaces can be examined 
which eliminates the need for many samples. After all, the volume of the active region 
remains constant and well defined, allowing the effects of increasing confinement to 
be quantified. This makes a comparison very easy and transparent.
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4.2 Magnetic Field Effects on Semiconductors and Lasers
The influence of a magnetic field, B, on the movement of electrons and holes in a 
semiconductor is the main concern of this Paragraph. Many of the characteristics of a 
semiconductor vary when the motion of carriers is restricted by an external B-field as 
a result of the Lorentz force. A comprehensive review of these changes will be given 
and following these modifications, their impact on laser performance will be 
highlighted in terms of gain, efficiency and threshold current behaviour under the 
influence of an external magnetic field.
4.2.1 Motion of Carriers in a Magnetic Field
Free electrons in a constant B-field, B ~ (0,0, B) (constant in time and space), can be 
described by the following Hamiltonian:
H = f - ( p - e Â y
2 m« (4.1)
where p is the canonical momentum and A is the vector potential ( VxA = B ). If
the vector potential A is chosen to be A = (-By,0,0), the time independent 
Schrodinger equation Hy/ - E y /  reduces to:
+  ■
2 mg dr^
2 1 . 2
2 m. Wu{r) (4.2)
This represents an eigenequation for a wavefunction, y/„{r),  of an harmonic 
oscillator with a frequency:
CO.. =
e B
Mr (4.3)
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For the eigenvalues of equation (4.2), the following expression is obtained:
E „ , = ^ ^  + na)^(n+^) n=0,l,2,... (4.4)
The energy eigenvalues for different n but same kz are called Landau levels. Landau 
was the first to calculate the energy spectrum of free electrons in a magnetic field 
within a framework of a theory of diamagnetism [LAN50]. As it is clear from 
equation (4.4), electrons are free to move along the B-field direction but the energies 
are quantised in the plane perpendicular to this direction. The projection of the motion 
into planes peipendicular to the B-field yields circles, which are traversed with the 
cyclotron frequency (Dc, which is the same as the classical frequency, obtained from
in^rcol = e! c{vxB ) . Similar equations can be obtained for holes.
Thus, the original bandgap transition in a semiconductor crystal in the presence of a 
B-field no longer exists and the lowest energy transition. Eg*, is now equal to:
e ; = E , +û>‘ ) (4.5)
Raising the lowest energy transition to Eg* has an effect on non-radiative 
recombination mechanisms such as Auger recombination and is discussed in more 
detail in Chapter 2 and Chapter 5.
The relaxation time t  is the mean time during which the carriers are not phase 
breaking scattered by other carriers, phonons or defects and is reciprocal of the 
scattering probability. According to the relaxation time and revolution time, I k  I co^ , 
the following two regimes exist:
(i) oOcT » 1, i.e. the magnetic field is strong. The electrons have closed orbits 
within periods of the order or less than the relaxation time. In this case, the 
cyclotron orbits are quantised.
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(ii) 0)cT « 1, i.e. the magnetic field is weak. The electrons are scattered 
several times within the time 27t/C0c, so that their orbits are incomplete. 
In this case the quantisation of the cyclotron orbits is not achieved.
Since the effective mass of the valence band is much larger than that of the 
conduction band, the condition cOc'C » 1  requires extremely high fields in order to be 
satisfied. If the field is not large enough, no Landau levels in the valence band will be 
created. Hence, Landau level splitting only refers to the conduction band. The 
remainder of this Chapter is based on the assumption that (OcT » 1.
4.2.2 Modified Density of States Distribution
The density of states function (DOS), as described in Chapter 2, is strongly affected 
by the presence of a magnetic field. Under the influence of a B-field applied in the z- 
direction, the DOS condenses all available states at the Landau level energies in the 
plane peipendicular to the field. The distribution of states parallel to the field direction 
remains unchanged.
In k-space, the DOS per unit volume along an orbit with quantum number n is given 
by [MAD78]:
p{n,kjdk^  = —2 ^ 2  (including spin) (4.6)
According to this, the number of states is the same along all orbits of different 
quantum number n, and is also independent of k%. Using
an expression of the density of states for each Landau level as a function of energy E 
can be derived:
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p(n,E)dE = (2JTŸ
where E>{n + l /  2)hco  ^ .
hcoAE n - 1 / 2ho). dE (48)
This is for one Landau level only, the combined DOS of all Landau levels is obtained 
by the summation over all partial bands whose edges are below the energy E:
p{E)dE = ^ p { n ,E ) d E 049)
The result is shown in Figure 4.2.1. The DOS tends to infinity at each edge of a partial 
band and decreases at higher energies proportional to The edges of the original 
bands are shifted by hcOc/2 ; the conduction band edges to higher energies and the 
valence band edges to lower energies. The spin splitting has been ignored for 
simplicity.
B> 0  n= 2
/zcoc / 2  $
B= 0
E  = t ik l  / 2m* + (/Î +1 / 2)fi(D^
1
(iity 2
A E _L QW plane
; B- 0
W c
tmo
Ei
Ê2
B>0
/0 (E)
ho)^
E" =Ej+(n +1/
E 2  =  £ 2  +  (w  + 1 /  2 ) h  G)^
Figure 4.2.1; Schem atic o f  the electron energy levels and density o f  states f o r  a bulk an d  quantum w ell 
sem iconductor with and w ithout a m agnetic fie ld .
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In a quantum well, the potential profile in real space leads to confined motion of 
carriers along the growth direction, normally taken to be the z-direction. Free electron 
behaviour is no longer possible in this direction and the energy band is replaced by a 
series of discrete allowed energy states, termed subbands as indicated by Ei and E2 in 
Figure 4.2.1. Note: The energy dispersion as a function of k has been omitted in the 
quantum well case simply because k is generally no longer a good quantum number 
(unless the barriers have an infinite height).
The application of a B-field in the growth direction, i.e. perpendicular to the quantum 
well plane, modifies the motion of the carriers in such a way that the in-plane motion 
is governed by the B-field and the out-of-plane motion is governed by the quantum 
well. If the B-field is sufficiently strong, the motion of the carriers is restricted in all 
three directions in real space, hence the simulation of a “quasi” quantum dot is 
achieved. The DOS of a “quasi” quantum dot is shown in Figure 4.2.1. It exhibits 
peaks at discrete energy levels which is very similar to the DOS of a real 0- 
dimensional quantum structure (see Figure 2.2.3 in Chapter 2) with the distinction that 
the DOS of a “quasi” quantum dot continues to increase with B-field whereas that of a 
real dot remains constant. The peaks are broadened due to the electrons loosing their 
phase coherence over time (not shown).
4.2.3 Differentia* Gain Dependence on B-field
Since this Chapter examines the behaviour of bulk and quantum well lasers in the 
presence of an external magnetic field, it is worthwhile discussing how the differential 
gain is affected by the B-field.
As a direct consequence of the modified DOS discussed in the previous Paragraph the 
B-field, by and large, has two effects on the maximum gain, gmax, as a function of 
carrier density, n:
(i) It increases the transparency carrier density. This is mainly due to the fact that 
the DOS has increased at the band edge and therefore a larger carrier density is 
required to reach the condition for population inversion.
Chapter 4 Effects of Landau Confinement... 65
(ii) It increases the differential gain above transparency, i.e. the rate at which gmax 
increases with increasing n, dgmax/dn, is increased. This is mainly due to the 
fact that the DOS is not only increased but also peaked at the band edge. As a 
result of this, any further injected carriers above transparency remain near the 
band edge and hence contribute to the gain.
Another important factor is the threshold gain of the laser. If the threshold gain is 
high, the increased differential gain may outweigh the increased transparency carrier 
density and thus the threshold current is expected to drop as a function of B-field. In 
the case of the threshold gain being low, the latter effect may dominate over the 
former and thus, the threshold current is likely to increase with B-field as shown in 
Figure 4.2.2. Thus depending on whether the gain required to reach threshold is above 
or below gmt, the gain at which both g(n) at low and high magnetic fields intersect, 
determines whether the threshold current (threshold carrier density) will decrease or 
increase with increasing B-field.
high field
low field
~ gint
ntr Carrier density
Figure 4.2.2: Sim ple m odel depicting the 
relationship betw een  maximum m aterial 
gain and carrier density a t low  and high  
m agnetic fields.
A Study of the magnetic field dependence of semiconductor lasers was undertaken by 
J. Braithwaite et al [BRA94] where similar phenomena were subject of thorough 
investigation.
Chapter 4 Effects of Landau Confinement... 66
4.3 Sample Structure and Experimental Details
The laser structure investigated in this study was derived from an Ini-xAlxSb/InSb 
heterostmcture previously used to produce spontaneous emission from uncooled light 
emitting diodes [ASH94]. The hii.xAlxSb/InSb alloy system covers a range of energy 
gaps suitable for laser emission thi'oughout the 3-6 pm spectral region [ALL96]. Bulk 
Ini-xAlxSb/InSb on (100) InSb substrate and Ini_xAlxSb/Ini.yGaySb on (111) InSb 
substrate were investigated. The structure is shown schematically together
with the associated band diagram in Figure 4.3.1 where the superscript is used to 
signify highly doped material, the underscore to denote wider gap material (Ini. 
xAlxSb) and the tc to represent nominally undoped material.
+ v e
3*10'* 5*10" undoped (<10‘“) 3*10,18 16>
w//,
py.
,18
- v e
InSb 
Active region
 ►H ►H1.0 0. 10.02 3.03.0
u n its :  [|Lim]
Figure 4.3.1; D evice structure and schem atic band diagram  o f  a h ii.jA fS b  laser d iode (upperm ost 
layer on left-hand side).
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The material was doped with silicon (n-type) to the level of 3*10*^cm‘^  and beryllium 
(p-type) to the level of 2 *1 0 ‘^ cm'  ^ except in the n region, where the machine 
background (PlO^^cm'^ p-type) was used. These doping values are chemical levels 
determined using secondary ion mass spectroscopy.
Under forwai'd bias, electrons are injected into the active region n from the adjacent n"^  
layer and holes from the p"^  and layers. The electrons are confined to the active 
region by the conduction band barrier at the heterojunction interface (~ 250meV with 
x=0.15) and the holes by the step in the valence band, ISOmeV, which is a 
consequence of the strong degeneracy in the n"^  layer [ASH96]. As a result, carrier 
confinement is very effective. Computer modelling, similar to that performed by 
White et al for detectors [WHI87, BEA96] showed that more than 99% of the current 
is recombination current within the active region, even at injection levels where the 
electron quasi-Fermi level is several kT above the conduction band edge. The width 
of the barrier is limited to 20nm to avoid the onset of strain relaxation [MAT76, 
ASH93]. The p^ thickness is 0.1pm in order to minimise optical absoiption (IVBA in 
p-type material). Numerical modelling shows that this is sufficient to prevent carrier 
injection from the anode contact (hole injection would be impossible without this 
layer). The anode connection comprises a n"*" region, which forms an ohmic contact to 
the p'^  layer owing to quantum mechanical tunnelling. Effective optical confinement is 
provided by the n"*" layers either side of the structure, which have a lower refractive 
index (n=3.4) than the undoped active region (n=4.0) measured by spectroscopic 
ellipsometry [ASH97].
After mechanical polishing to reduce the substrate thickness to about 150pm, the 
devices were photolithographically defined on 7mm x 7mm pieces of material as 
mesa bars 100pm wide. The surrounding material was etched into the lower region 
using a mixture of lactic, nitric and hydrofluoric acids. The devices were then 
passivated by anodisation and the surrounding material isolated using SiOa to permit 
large chromium/gold contacts with bonding remote from the mesa. The samples were 
cleaved into 500pm lengths by bending over a pre-former. The laser bars were 
mounted onto a ceramic carrier using silver loaded epoxy and bonded using 50pm 
gold wire [ASH98].
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As far as the strained InSb MQW sample is concerned, the basic n^p’^p'^ Tin'*' structure 
(separate confinement heterostructure), similar to the bulk devices, is maintained, i.e.
• high A1 composition (20%) in p-type InAlSb barrier for electron confinement.
• degenerately n-doped material for hole confinement at diode junction.
• thin p-doped regions for reduced optical loss requires degenerately n-doped 
material for optical confinement on either side of the device, and hole injection is 
ensured by tunnelling across n^/p^ junction.
• 3pm thick active region containing 121 quantum wells with zero net strain (6.5nm 
InSb well to ensure 4.6pm emission wavelength, lOmn Ino.9Alo.1Sb barrier to 
allow tunnelling between the wells). 500nm thick buffer regions of Ino.95Alo.05Sb 
on either side to weaken -optical mode penetration into lossy doped regions, to 
limit overall drive current and to contain depletion region of diode junction. The 
main reason for using 1 2 1  wells is to get a large enough gain in order to offset the 
relatively large losses in the cladding region and to provide an easy way to 
compare it with the bulk structure.
• overall structure is lattice matched to the substrate material, with the InSb wells 
being in biaxial compression balanced by the barriers in tension. The thickness of 
the wells and the barriers does not exceed the critical thickness for strain relief.
• strain considerations led to the preferred choice of the ternary alloy InGaSb as a 
substrate material rather than InSb. This allows a larger variation of the built-in 
strain in the active region.
The Ith vs temperature measurements were carried out using an Oxford Instruments 
continuous flow, liquid Helium cryostat with CaPz windows. The sample was 
mounted on a standard Oxford sample platform.
For the magnetic field experiments, an Oxford Instruments superconducting magnet 
was used. In both cases, the sample was mounted in He exchange gas to maintain 
thermal contact between the sample and the liquid He coolant. Optical access was 
possible using a 1.5m Ni:Cr light pipe of diameter 12mm and out of the top of the 
magnet via a KRS 5 window. The initial question was whether sufficient light at the 
top of the magnet would be collected because of the long travel and multi-reflections 
of the laser light inside the light pipe. This did not appear to be a problem after all.
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With the B-field pointing along the [100] axis (cavity direction) of the sample, no 
special amendments to the sample insert geometry had to be made. The laser was 
simply mounted inside the superconducting solenoid on a piece of aluminium wedge. 
A specially designed sample mount (Figure 4.3.2) was used when the B-field was 
applied parallel to the [001] sample axis (growth direction). This sample mount 
employs several features such as an Allen-Bradley detector in the proximity of one of 
the laser facets. Since the resistance of the Allen-Bradley is extremely sensitive to 
temperature changes at 4.2K, where the resistance is several megaohms, it can be used 
as an infrared detector. The absorbed radiation induces a temperature change and 
therefore the change in resistance is directly proportional to the absorbed radiation. 
Teflon insulation was used to thermally insulate the detector from the copper block. 
The Allen-Bradley detector was mounted in the case that a shift in the emission 
wavelength due to the B-field would have an effect on the detector signal due to the 
change in the water vapour absorption. Secondly, a polished wedge of aluminium was 
used as a mirror to reflect the light upward along the light pipe. Thirdly, a heater was 
mounted on the backside of the copper block to enable the temperature to be varied 
alongside a link to the He-bath for sufficient heat transfer in order to stabilise the 
temperature. A second Allen-Bradley resistor was used to determine the sample 
temperature.
B-field
C op p er.,
1 . Sample
2 . Allen-Bradley detector
3. Teflon insulation
4. Aluminium mirror
5. Heater
6 . Allen-Bradley to
measure temperature
7. Link to He-bath
Figure 4.3.2: Specially designed  sam ple holder fo r  m easurements in superconducting m agnet when B- 
fie ld  is app lied  along the growth direction o f  the sam ple.
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The laser light, exiting the magnet at the top, was measured using a liquid nitrogen 
cooled HgCdTe detector (MCT). The detector was placed far away from the magnet 
in order to avoid any unwanted magnetic field effects on the detector response. The 
detector and the magnet were linked using stainless steel light pipes with gold-coated 
mirrors in the corners. The entire optical system was subsequently flushed with 
nitrogen gas long enough to avoid absorption due to residual CO2 and CO gas in air 
and to reduce water vapour absorption. The current was measured using a calibrated 
inductive current probe. A duty cycle of 1:400 with a pulse duration of 5ps was 
chosen to avoid excessive sample heating.
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4.4 Results and Analysis of the Bulk Sample
4.4.1 Temperature Effects on Ith
The light-current characteristics were measured for the alloy sample (InAlSb/InGaSb 
on (111) InSb substrate) in the temperature range from 4.2K up to 11 OK, the 
maximum operating temperature of this device. The emission wavelength at 77K was 
measured to be 5.1 pm [PRY98]. The tlneshold currents obtained from these data are 
shown in Figure 4.4.1.
It is observed for many semiconductor lasers that Ith increases approximately 
exponentially with temperature, so that it is common to characterise the temperature 
sensitivity of the threshold current with the parameter To given by:
If To is approximately independent of T, then equation (4.10) may be written in the 
form Ith=Ioexp(T/To). A low value of To implies a high temperature sensitivity and 
vice versa. The To values found from fitting the experimental data points are shown in 
Figure 4.4.1. Two fits were needed for two different temperature ranges. The To value 
at low temperatures is seen to be -  45K, and gradually drops down to 22K at the high 
end. As is clearly shown in Figure 4.4.1, To is more or less constant up to 90K above 
which a new mechanism appears to switch in strongly.
The threshold current Ith of a semiconductor laser can be expressed by the following 
relation (neglecting leakage currents) (see also Chapter2 ):
/  ,* = e(An,i, + Bnl + Cn’, ) = (4.11 )
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where rith is the threshold carrier density, A is the mono-molecular recombination 
coefficient, B is the radiative recombination coefficient, C is the Auger recombination 
coefficient, Irad is the radiative current and Inon-rad is the non-radiative current.
2 5 0 -
200 -
<  1 5 0 - T . ~ 22K
l-H 100 -
5 0  -
T . ~ 45K
0 20 4 0 6 0 80 1 0 0 1 2 0
Temperature [K]
Figure 4.4.1; Experim entally determ ined tem perature dependence o f  the threshold current fo r  a bulk  
InAlSb/InSb laser. The so lid  c in ye  is a theoretical f i t  to obtain the characteristic tem perature Tq.
It is reasonable to assume that Idi is being dominated by Auger recombination, 
therefore the non-radiative current Inon-rad is the dominant current path at threshold. 
The temperature sensitivity of Ith for a bulk semiconductor is derived from the 
temperature dependence of Inon-rad*
iwii -  rad (4 12)
The temperature dependence of C and nth may be found by assuming Boltzmann 
statistics, parabolic bands, fixed Fermi levels and a fixed bandgap with temperature 
[HAU87].
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c  = (4.13)
where k is the Boltzmann constant and AE is the activation energy of the Auger 
process. In order to obtain an expression for To, the first derivative of Inon-rad with 
respect to T is taken and equation. (4.10) is applied. This yields an expression for To 
of:
^  4.5 + AB/fcr
The drastic assumptions above, while seeming to be unjustifiable in a real MIR laser 
device, nevertheless give good agreement with experiment in near-infrared quantum 
well devices such as 1.3 pm and 1.55pm telecommunication lasers [SIL96, REI93].
For T=110K and AE/kT=2.2 => Tq=17K using equation (4.14), i.e. this is in fairly 
good agreement with our experiment. AE/kT has been calculated using the same 
program, which is used to calculate the recombination rates in Ini.xGaxSb in Chapter 5 
and which gave excellent agreement with the experimental results.
This simple model for the temperature sensitivity of III-V bulk semiconductor lasers 
shows that Tq of 17K at a temperature of 11 OK is consistent with Auger 
recombination being the dominant current path. An increase of the To value at the 
lower end of the temperature range is consistent with Auger recombination becoming 
less important. Extrapolating the Ith versus temperature curve back to OK leaves a 
finite value for kh, indicating that other mechanisms also of relevance are not included 
in the analysis.
The very low Tq values, indicating a high temperature sensitivity and an enhanced 
non-radiative recombination rate at elevated temperatures, is expected to be increased 
when investigating a quasi-wire stmcture with a condensed DOS at the Landau level 
energies.
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4.4.2 Magnetic Field Effects -  LO-phonon Bottleneck
The dependence of Ith as a function of magnetic field, B, for the InAlSb/InSb sample 
was measured whereby the B-field was applied along the [100] axis, the direction 
along the cavity of the laser (Figure 4.4.2).
5 0 1 0 0
4 5 -
3 5 - 70
3 0 - 60—■—Average of many sweeps
0 1 2 3 4 5
I
B-field  [T]
Figure 4.4.2: Threshold current versus m agnetic f ie ld  app lied  along the cavity o f  the device a t 4.2K. 
D ata poin ts represen t the average o f  many L-I sweeps.
The criterion cOcT » 1, where ©c=eB/m  ^ is the cyclotron frequency, is satisfied due to 
the very light electron effective mass m* in spite of the short mean time x between 
collisions. Therefore, the carriers have enough time to complete one cyclotron 
trajectory before they collide with another carrier. A typical linewidth h/x in these 
systems [PID6 6 ] is of the order of 5meV, i.e. significantly less than the typical 
cyclotron energies in this experiment. Hence, the two-dimensional confinement of 
earners by the B-field is effective, and introduces the peaked structure of the DOS.
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In an applied magnetic field, the transparency condition, - E f  > E^ (Chapter 2,
Paragraph 2.2.1), is met with a higher carrier density because the DOS is increased at 
the band edge (see Paragraph 4.2.2). If the threshold gain is low, this results in an 
increased threshold current. However, the differential gain is enhanced with 
increasing magnetic field because the DOS is not only increased, but also peaked, so 
that any further injected carriers remain near the band edge after reaching 
transparency, and therefore contribute to the gain. This means that if the laser 
threshold gain is high, an overall reduction in threshold current may be seen (see 
Paragraph 4.2.3). In InSb-based lasers where absoiption losses are significant, one 
might expect a high threshold gain, and indeed a 30% drop in Lh at 5T is seen in 
Figure 4.4.2.
There are other possible explanations for the drop in Lh. Auger recombination should 
be decreased in the high field regime due to an increase in the bandgap energy, which 
coiTesponds to an increase in AE (only for those Auger processes involving the lowest 
conduction and valence band Landau levels). Any increase in AE gives rise to a 
reduction in Lh. At 5T, the bandgap has increased by approximately 17meV (see 
equation (4.5) and Figure 4.4.4), which results in a reduction of the CHCC Auger 
coefficient of about 10% according to Figure 5.5.8 in Chapter 5, where the Auger 
coefficient for the CHCC process is calculated and measured for the Ini.^GaxSb alloy 
system as a function of bandgap energy (or Ga fraction). A 10% reduction of the 
Auger coefficient may have a contributory effect to the reduction of Lh but is not 
considered to account for a 30% drop.
The sample geometry in these experiments did not allow the polarisation of the laser 
light to be measured. However, one expects that the application of a magnetic field 
along the laser cavity may decrease the magnitude of the optical matrix elements 
associated with both TE and TM emission from the laser. This arises because the 
band, which is heavy along the field direction, is comparatively light perpendicular to 
that direction, and vice versa [REI89]. As it is the mass perpendicular to the field 
direction, m*i, which determines the Landau level shift (hooc = eB/m \), the valence 
band edge is thus expected to be made up predominantly of states which are light 
along the field direction. Recombination into such band edge states will give rise to 
light emission polarised predominantly along the laser cavity. Both TE and TM
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modes must involve higher valence band states and are thus both reduced. It is 
therefore not expected that the change in polarisation could explain the drop in 1^.
2 5 0 LL-N'
2 0 0 -
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Cunent: below I., at B=OT 
Temp.: 4.2K
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B-field [I]
Figure 4.4.3; M agnetic f ie ld  sw eep a t a f ix ed  current o f  4 0  mA a t 4.2K. The threshold condition w as 
only m et a t f ie ld s  higher than 2 Tesla. U pper diagram  shows the calcu lated  conduction band Landau  
level spectrum  using the P idgeon-B row n model, i  =  25  meV, the LO-phonon energy, and indicates the 
f ie ld  positions a t which the LO-phonon emission is resonant.
Subsequently, the sample was kept under a fixed current condition and the field was 
swept from 0-8T at 4.2K. The current was constant at a level of 40mA, as measured
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with the current probe so that the laser was initially below threshold but with 
increasing magnetic field the threshold condition was eventually met, as shown in 
Figure 4.4.3.
It is observed how the laser is being switched on by the magnetic field due to a 
decrease in Ith. Consequentially, the light output increases followed by a zigzag 
behaviour until a point is reached at 8 T where the laser is switched off. The various 
maxima in the light output can be explained in terms of resonant cooling of the 
electrons. Also shown in Figure 4.4.3 are the calculated conduction band Landau level 
energies as a function of magnetic field, B, in InSb using the Hamiltonian in 
Appendix A which was initially derived by Pidgeon and Brown in 1966 (refer also to 
Chapter 3, Paragraph 3.4) [PID6 6 , SMI92]. The spin splitting has been neglected due 
to an insufficient resolution in these measurements. At the field positions 
corresponding to maximum light output, the LO-phonon emission is resonant, i.e. the 
separation of some pair of adjacent Landau levels is equal to the LO-phonon energy 
which has previously been measured to be 25meV in this material system [LIA84]. 
This means that electrons can relax down the Landau level staircase more quickly, i.e. 
electron cooling is enhanced. In between these resonances, the cooling is suppressed 
[BOC90] and this may also explain the fact that the laser switched off at 8 T. The size 
of oscillations in the light output is small because only one pair of adjacent Landau 
levels can be resonant at any one time due to non-parabolicity. The light output 
therefore does not drop to zero when electron cooling is off resonant. This effect, also 
referred to as the LO-phonon-bottleneck, is believed to account for the poor 
luminescence properties of some quasi quantum wire [SAR94] and quantum dot 
[BEN91] structures.
It might be expected that the resonances could be explained by increased Auger 
recombination when higher Landau levels become resonant with the bandgap energy. 
Calculations show, however, that these resonances would be much more frequent in 
field than observed and may thus not be resolved (Figure 4.4.4). However, the general 
trend of such Auger processes would enhance non-radiative rates with increasing field 
since the matrix elements increase with decreasing An. In any case, the high Landau 
levels involved in the field range of interest have quantum numbers greater than 2 0 , 
i.e. excitations into these high Landau levels require a large angular momentum
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transfer, and are thus suppressed. However, since An decreases with field this may 
influence the switch off [AND94].
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Figure 4.4.4: D iagram  showing Landau levels 0 -30  w hereby low est leve l is shifted up by the 
bandgap energy — the curve labeled  Eg(B). A uger recom bination is resonant a t m agnetic f ie ld  positions  
where the Eg(B) curve crosses h igher lying Landau levels.
In addition to the increased Auger rate with field described above, another factor may 
influence the switch-off. Namely, the magnetic freeze-out of carriers in the cladding 
region reduces the Moss-Burstein shift and hence degrades the optical confinement.
Figure 4.4.5 shows a magnetic field sweep at a fixed current level of 50mA at 4.2K, 
i.e. the laser threshold condition was met at each field. An immediate increase in the 
light output is seen due to a decrease in Ith. The graph also clearly shows the LO- 
phonon resonances at the same field positions as before, indicated by the dashed lines, 
until the critical point at 8 T is reached where the laser switches off again. It is 
worthwhile to note that the up and down sweep agree well with one another and the 
laser is being switched back on again after the B-field came back below the critical 
point of 8 T.
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Figure 4.4.5*. M agnetic f ie ld  sw eep a t a fix ed  current o f  50  mA (i.e. above threshold a t each fie ld). The 
dashed  lines indicate the f ie ld  positions a t which the LO-phonon emission is resonant.
The direction of the B-field was subsequently changed so that the field was now 
pointing along the growth direction of the device. A different sample holder now 
enabled the same set of measurements but at different temperatures (see Paragraph 4.3 
for the description of the sample holder). Figure 4.4.6 shows the measured Ith values 
as a function of B-field at three different temperatures.
At lOK, Ith does not vary very much with field. At elevated temperatures, an 
immediate sharp drop of Ith is seen by approximately 50% when the Landau level 
separation exceeds kT, followed by a subsequent rise. At the field positions, where 
hcOc>kT, fewer Landau levels are populated to reach population inversion 
compensating for the increase of the DOS of each Landau level over the same B-field 
increase. As result, Ith is reduced. The gradual increase in Lh is mostlikely due to the 
magnetic freeze-out of carriers in the cladding layer, i.e. the Moss-Burstein shift is 
reduced. This results in an increase of the refractive index in the cladding layers and 
hence a degradation of the optical confinement. Thus, a higher threshold gain is
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required to reach threshold and consequentially Lh increases. From the data shown in 
Figure 4.4.6, the characteristic temperature To is deduced.
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Figure 4.4.6: Threshold current m easured as a function o f  m agnetic field , a pp lied  along the grow th  
direction, a t different tem peratures. The d o tted  lines indicate the f ie ld  positions a t which kT=h<Xi:
Figure 4.4.7 shows how T q at 77K rises from 19K at zero magnetic field to 25K at 3T. 
The fractional change in Lh and T q is seen largest at 3T in addition to the fact that one 
is well below the LO-phonon bottleneck. The Landau level separation at 3T is 21meV 
from which a corresponding ideal quantum wire size can be estimated.
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Figure 4.4.7; C haracteristic tem perature 
To as a function  o f  m agnetic fie ld . The 
do tted  line represents a guide to the eye. 
G reatest im provem ents seen a t 3 T  from  
which an idea l quantum -wire size is 
estimated.
The subband energy levels in a quantum wire can be calculated from, assuming 
infinitely high potential barriers:
/  \ 2  iiTi: +
r  V  inK (4.15)
where m =0.0134mo is the effective electron mass in InSb, and Ly is the width of 
the potential barrier along x and y, respectively and n and m are the quantum numbers 
of the electron subbands along x and y, respectively [ARA82].
The subband energy level separation in a quantum wire with square cross section can 
be calculated from:
2 m [2 m + 1] (4.16)
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For a subband level separation of 21meV to be equal the Landau level separation at 
3T, the size of an ideal InSb-based quantum wire structure at 77K would have to be 
approximately 370Â.
4.5 Results and Analysis of the MQW Sample
Details of the structure and the composition of the MQW sample were given in 
Paragraph 4.3. Calculations by Kamal-Saadi [KAM99] reveal that the sample 
containing 121 quantum wells shows features of a superlattice. Figure 4.5.1 shows the 
calculated DOS of the MQW sample as a function of energy normalised to the DOS 
of the first subband of a quantum well sample with an effective mass equal to the 
effective mass of the MQW sample at an energy of lOOmeV.
A miniband forms in a superlattice as a result of the strong overlap of the 
wavefunctions between the quantum wells. It can be seen in Figure 4.5.1 that the DOS 
increases almost linearly with energy from approximately 50meV, the energy at the 
bottom of the miniband to lOOmeV, the energy at the top of the miniband. Above 
lOOmeV, the DOS continues to increase but at a smaller rate. This is due to non- 
parabolicity effects, which causes the effective mass to increase. Note: In the non­
parabolic case, the effective mass is a function of energy and the given formula in 
Figure 4.5.1 should yield good results for the effective mass to a first approximation. 
The dotted line represents the DOS of the first subband of a quantum well sample 
with the same effective mass as the superlattice sample at an energy of lOOmeV and is 
shown for comparison.
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Figure 4.5.1: N orm alised  D O S o f  a M Q W  sam ple as a function o f  energy show ing pronounced fea tures  
o f  a superlattice. A m iniband can be seen which ranges from  approxim ately 50m eV  to IQOmeV.
Assuming an effective mass in InSb of 0.013 in the parabolic approximation, the 
effective mass increases to 0.02 at lOOmeV according to the formula given in Figure 
4.5.1.
The device characteristics of the MQW sample as a function of B-field applied along 
both the growth and the cavity direction are discussed in Paragraph 4.5.1 and 4.5.2.
4.5,1 Device Characteristics as a Function of B-field Applied 
along Growth Direction
The experiments presented in this Paragraph are a continuation of the work described 
in the previous section.
Light-current characteristics were measured as a function of B-field in the 
temperature range from 20-60K and are shown in Figure 4.5.2. hh seems to drop
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immediately with B-field followed by a gradual rise. The rate at which Lh increases 
with B-field is the same at each temperature. It is worthwhile to point out that there is 
a minimum in Ith at IT, which does not seem to shift with temperature. Looking more 
carefully, it appears that the plateau at around 3.5T at 20K gradually turns into 
another minimum as the temperature increases but shifts slightly towards lower B- 
fields. Ith increases with temperature at B=OT, as shown by equally spaced isotherms 
on a log scale.
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Figure 4.5.2: M Q W  sam ple containing 121 w ells w ith the magnetic f ie ld  a p p lied  along the grow th  
direction. I,i, m easured as a  function o f  m agnetic f ie ld  shows a plateau, which could be another  
m anifestation o f  the existence o f  a LO-phonon bottleneck in these low -dim ensional structures, (a), (b) 
and (c) refer to the processes described  in the text.
It is therefore not unreasonable to assume that:
(a) the mechanism responsible for the exponential rise in Lh in the high field regime is 
temperature insensitive.
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(b) the mechanism responsible for the plateau in Ith depends weakly on temperature.
(c) the process that causes the minimum in Lh is temperature insensitive.
(d) there is mostlikely a process superimposed on the ones mentioned above which 
causes Ith at B=OT to increase with temperature (very temperature sensitive).
It appears quite difficult to interpret these results due to the complexity of the band 
structure. A more detailed analysis seems to be somewhat problematic since it would 
have to include effects due to the superlattice, non-parabolicity, changes of the modal 
gain with B-field and temperature, proper Auger recombination calculations etc. 
However, an attempt is being made to at least speculate about the significance of the 
results and the implications of them for more simplistic structures in the future.
With reference to point (a), it is very likely that the reduction of the Moss-Burstein 
shift due to the magnetic freeze-out of carriers in the cladding region that degrades the 
optical confinement results in an increase of lu, with increasing field. The nature of 
this process is very much temperature insensitive since it relies, by and large on band 
filling effects (degenerate bands).
Regarding point (b), it is not unreasonable to assume that the plateau in Lh may be 
another manifestation of the LO-phonon bottleneck discussed in the previous study. 
Also, calculations by Kamal-Saadi et al [KAM99] show that the modal gain 
oscillation is due to the peak gain being at the highest occupied Landau level, and 
Landau levels are successfully emptied as the DOS at the band edge grows with B- 
field. Both of these processes depend strongly on B-field due to the very pronounced 
non-parabolic nature of the conduction band. The effective electron mass therefore 
varies very strongly with B-field and hence the joint density of states. Thus, the modal 
gain is showing a strong dependence on B-field, which may account for the plateau in 
Ith. The strong B-field dependence of both of these processes outweighs any 
temperature related effects explaining the small shift of the plateau with temperature. 
As to point (c), it is also conceivable to believe that the peaked structure of the DOS 
and hence an enhanced differential gain with B-field causes the reduction in Lh at low 
B-fields (as in the bulk case, see Figure 4.4.2).
With reference to point (d). Auger recombination dramatically increases with 
temperature which may explain the exponential rise of Lh at B=OT.
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The conclusions drawn from these observations remain tentative, i.e. it would be 
better to use devices with a more quantum well-like bandstructure rather than a 
superlattice. However, the implications for future device structures may be 
significant.
Figure 4.5.3 shows a contour plot (light-current characteristics are plotted as a 
function of magnetic field) of the 20K data in Figure 4.5.2. Magnetic field is plotted 
versus drive current and the grayscale reflects different light levels, i.e. open circles 
for virtually zero light intensity, black for low light intensity and gray for high light 
intensity. The white-black contour level has been chosen to be just above the 
spontaneous light level and thus is an indication of threshold.
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Figure 4.5.3: C ontour p lo t showing how the light output (intensity represented by the gray scale: black  
-  low  intensity; g ray -  high intensity) varies with drive current as a function o f  m agnetic f ie ld  applied  
along the grow th direction a t T=20K. The white-black contour level has been chosen to be ju s t above  
the spontaneous light level and thus is an indication o f  threshold.
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The following features are noticeable in Figure 4.5.3. Firstly, the white-black intensity 
line increases with increasing drive current as the B-field increases above B>1T. This 
clearly indicates that the threshold current increases with B-field in accordance with 
Figure 4.5.2. The area filled with black circles which indicates the slope efficiency of 
the individual light-current curves continuously increases with B-field. This means 
that the slope efficiency steadily decreases with B-field, which is consistent with the 
reduction of the Moss-Burstein shift and thus a degradation of the optical 
confinement. There are oscillations in the light output with B-field at elevated light 
intensities (for example at 4T and 5T, the black-gray contour level oscillates with B- 
field). The slope efficiency varies as a function of field, which could be a 
manifestation of the LO-phonon bottleneck seen before.
Figure 4.5.2 and 4.5.3 show similar features but from different perspectives. Again, 
the assumptions made above are purely of speculative nature and should not be 
overinterpreted. They may though be significant for future devices and should 
therefore be subject of future research work.
4.5.2 Device Characteristics as a Function of B-field Applied 
along Cavity Direction
As in the previous section, the same set of measurements was carried out with the B- 
field pointing along the cavity direction this time. Unfortunately, no significant 
changes were observed in the low field regime. Again, the interpretation of these 
results remains inconclusive and has therefore been omitted.
A rather striking result was obtained when the light-output versus drive current was 
measured as a function of B-field, but this time reaching values as high as 12T. With 
the exception of this experiment, the maximum B-field has always been lower than 
9T. A very sharp rise in the slope efficiency coupled with a similar sharp rise in Lh 
was observed at very high B-fields (Figure 4.5.4).
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The Landau radius as a function of B-field can be calculated from:
(i) X ^ ) = = ^cen tripeta l
(ii) ^ U tr e n t z  =  HCOjl =  l U V ^  I 2 =
and
d  = 2r =  2V fi! eB (4.17)
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Figure 4.5.4: M agnetic f ie ld  a p p lied  along the cavity o f  the M Q W  sample. The graph show s a dram atic  
increase in the efficiency a t high m agnetic fields, i.e. large confinement when the cyclotron radius 
becom es o f  the order o f  the w ell width.
At B=11T, the Landau diameter is approximately di=16nm which equals 
approximately the period of the superlattice (16.5nm). It means that the electrons, 
being confined by the high B-field can now complete one full cyclotron trajectory 
without being scattered at the superlattice interface. Hence, the electron confinement 
is very effective, i.e. the transition from well-like states into wire-like states is being 
completed, and thus the differential efficiency is being increased.
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The differential efficiency of these devices was measured previously and yielded a 
value of about 50% [ASH98a], which means that every other injected electron emits a 
photon and only half of the total number of injected carriers is lost due to non- 
radiative recombination processes. As shown in Figure 4.5.4, an increase of the 
efficiency by a factor of 11 with increasing B-field is not consistent with a 50% 
efficiency measured at B=OT and T=77K. To resolve this apparent discrepancy, 
another effect may be of significance which was measured by Cheremisin et al on n- 
type InSb samples [CHE95]. Current induced light emission in a transverse magnetic 
field was observed due to an accumulation of an electron-hole plasma near the sample 
surface in the Hall direction. Figure 4.5.5 illustrates this effect.
B
Figure 4.5.5; Illustration o f  the 
accum ulation o f  an electron-hole plasm a  
in a ve iy  thin layer close to the sam ple  
edge under the influence o f  a transverse  
magnetic fie ld . The cavity direction is 
paralle l to the B-field.
Injected electrons and holes experience a drift to one side of the sample due to the 
presence of a magnetic field where they recombine and emit photons. The number of 
electron-hole pairs generated in this thin layer is steadily increasing with current, J. 
Thus, as the current is increased, population inversion is first achieved locally (at one 
edge of the accumulation layer) and the emitted photons which are being absorbed 
outside the transparent edge create more electron-hole pairs. The roundtrip gain for 
the whole cavity must exceed the losses for lasing to occur and by the time this is 
achieved, the edge of the device is far above population inversion. This effect 
becomes much more pronounced as the B-field and therefore the density of generated 
electron-hole pairs is increased. Hence; the threshold condition in the presence of a 
transverse magnetic field is changed which could contribute to the rise in Ith and the 
slope efficiency observed in Figure 4.5.5. Hence, there is a highly non-linear situation 
in which the differential efficiency can appear much greater than one, though the 
absolute efficiency remains smaller than one.
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4.6 Summary
Measurements of the light-current characteristics of bulk InSb on InSb and InuxAlxSb 
on InSb lasers, emitting at 5.1pm at 77K, were cairied out in the temperature range 
from 4.2K to 11 OK. For the alloy device, values of the characteristic temperature, To, 
of around 22K above 90K were found, which indicates that Auger recombination is 
dominant, but Tq increasing to around 45K at lower temperatures. This increase is 
consistent with a decrease in Auger recombination with decreasing temperature.
Using the all InSb device, magnetic fields were applied both along the cavity and the 
growth direction, in order to change the DOS to a peaked distribution at the Landau 
level energies. The effects of the B-field on the DOS enabled a “quasi” quantum wire 
structure to be studied with an easily variable degree of confinement.
As a result of this quantum wire-like DOS, a reduction in the threshold current, Ith, 
with B-field of up to 30% is seen at 4.2K when the B-field was applied along the 
cavity direction. The most striking results were obtained when the current was kept 
constant and the magnetic field was swept. The maxima in the light output are 
interpreted in terms of LO-phonon resonances, which are strongly enhanced at the 
field positions where the Landau level separation equals the LO-phonon energy. 
Between the resonances where the light output is suppressed, the retarded relaxation 
of hot electrons is ascribed to a lack of phonons needed to satisfy the energy 
conservation. This is the first time that the effects of a phonon bottleneck have been 
directly observed in an interband device. Finally, the size of an ideal wire of 
approximately 750Â was estimated. This assumes that the best results obtained for Ith 
and To were at 3T which corresponds to a level separation to be approximately 
21meV, thus leading to an optimum real wire size of 370Â in InSb at 77K.
A reduction in U, of up to 50% was seen with the applied field along the growth 
direction of the device in the temperature range from 10-77K. Ith drops sharply when 
the Landau-level separation exceeds kT. However, a subsequent slow rise in Ith with 
field was seen possibly due to the magnetic freeze-out of carriers in the cladding 
region resulting in a degradation of the optical and electrical confinement.
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A similar set of measurements was carried out using a MQW sample with an active 
region containing 121 wells. Due to the strong overlap of the wavefunctions in the 
active region, the sample showed pronounced effects of a superlattice.
Magnetic fields were applied along the growth direction in the temperature range 
from 20-60K in order to change the DOS into an atomic-like DOS distribution, i.e. 
“broadened” delta-functions in the DOS at the Landau level energies. “Quasi” 
quantum dot structures with an easily variable dot size were studied. An oscillatory 
behaviour in Lh with B-field was seen which might be a manifestation of the LO- 
phonon bottleneck seen in the previous studies. However, an inteipretation of these 
results remains very inconclusive due to the very complex band structure of the MQW 
sample. A more detailed analysis would have to include superlattice effects.
With the B-field applied along the cavity of the MQW sample, a sharp rise in the 
external quantum efficiency is seen with a similarly sharp rise in Lh. This field is 
similar to what would be expected for the Landau radius becoming comparable with 
the supeiiattice period, i.e. the transition from well-like states into wire-like states. An 
increase of the slope efficiency by a factor of 11 with increasing Landau confinement 
is only consistent with the previously measured slope efficiency of about 50% at 
B=OT if the effects of current induced light emission in a transverse magnetic field 
due to an accumulation of an electron-hole plasma near the sample surface in the Hall 
direction are included.
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5.1 Introduction
The following Chapter investigates the significance of interband recombination 
dynamics in two technologically very important material systems. The technological 
demand for greater efficiency and higher speeds from even smaller devices requires a 
profound understanding of the physics, which ultimately limits device performance. 
The efficiency of LED’s and laser diodes is, by and large, limited by the ratio of 
radiative to non-radiative lifetimes [MIL8 8 ]. Auger recombination has been identified 
to be the dominant non-radiative loss mechanism in narrow-gap semiconductors 
[BEA59, MEY95, FLA95, KOT98]. An important task is to understand how the band 
structure affects the radiative and non-radiative mechanisms and how to use the 
gained knowledge to engineer a band structure that enhances device performance.
This Chapter is primarily concerned with the measurement of radiative and non- 
radiative lifetimes in two material systems, namely the Ini.xGaxSb and PbSe alloys. 
These are two important candidates for device applications in the mid-infrared (MIR) 
spectral region (5-2 0 pm).
The Ini-xGuxSb system has attracted much interest for its potential to be used in MIR 
laser devices in which the emission wavelength is determined by the energy gap 
between the conduction and valence band edge. Firstly, it has a bandgap that varies 
from 175meV (InSb) to 215meV (GaSb) [LB082] at room temperature for great 
tuneability and secondly the bandgap doesn’t vary as much with x-fraction as for 
example in the Ini-xAlxSb system. It has been proposed that it could be used for 
separate confinement, strained layer quantum well structures. The result of the weak 
bandgap dependence on x-fraction necessitates a large Ga content to achieve a certain 
change in bandgap (by contrast with In,_xAlxSb), which results in a large lattice mis­
match in a multi-layer structure. As a result of the built-in biaxial strain, the 
degeneracy between the light- and heavy-hole valence band is removed (refer to 
Chapter 3, Paragraph 3.5), which helps to suppress Auger recombination (see Chapter 
2, Paragraph 2.3).
The PbSe system (lead salts in general), a narrow bandgap IV-VI compound, is of 
interest both fundamentally, because of its interesting band structure, and from a 
device point of view since it is widely used in MIR optoelectronic emitters and 
detectors. A particular feature of this system is the “near-minor” image of the
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conduction and valence band, which has been suggested to be ideal for laser devices 
due to the enhanced joint density of states [PID97], and which has been cited as 
potentially leading to much smaller Auger scattering rates than found in III-V material 
systems [HOR85].
Understanding accurately how the recombination processes change with composition, 
temperature, doping and carrier density is important for emission devices which 
operate far from equilibrium, and in particular in the continuing quest for the 
development of compact, high power MIR room-temperature lasers diodes [PID97].
The experimental data were obtained using a free electron laser source (FELIX) in the 
Netherlands. The experiments utilised a sophisticated experimental arrangement, 
which was designed and set-up, by and large, by Lex van der Meer, who did most of 
the pioneering work enabling time-resolved excite-probe measurements to be carried 
out routinely. The author of this thesis was directly involved in the experiments but 
not in the analysis. This was due to the fact that all the work presented here has been 
part of a collaborative project between the University of Surrey and Heriot-Watt 
University in Edinburgh aiming to measure Auger coefficients in narrow-gap 
semiconductors. Most of the tools used for the analysis of the experimental results 
have been developed at Heriot-Watt University over three generations of postgraduate 
students and the model (“Flat Valence Band” model) used to calculate Auger 
recombination rates in these materials systems have been a result of longstanding 
theoretical work at DERA, Malvern.
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5.2 Experimental Technique
The following Paragraph describes the time-resolved excite-probe technique in more 
detail. There are a number of different, commonly used techniques to study carrier 
lifetimes such as the “Photoconductive Decay”, “Photoluminescence Up-Conversion” 
[BL086, HAR96], “Degenerate Four-Wave Mixing” [CAM96, PEL98] and the 
“Excite-Probe Technique” used here. They mainly differ in the method of measuring 
the decay with time of the initial excitation.
Following a brief description of the free electron laser (FELIX), used as an excitation 
source, is the inteipretation of the measured signals.
5.2.1 Excite-Probe Technique
The excite-probe technique is based upon a non-linear change in the absorption 
coefficient generated by an intense optical pulse (excite or pump pulse). The change 
in the absorption is measured by a second, low intensity probe pulse which arrives at 
the sample after a controllable delay. At. Both excite and probe pulse have to be 
carefully aligned so that they impinge onto the same area of the sample. The probe 
pulse is typically two orders of magnitude weaker compared to the excite pulse in 
order that it has a negligible effect on the absorption coefficient. The probe pulse 
measures the absorption change induced by the excite pulse as a function of the time 
delay, At, between the two pulses (see Figure 5.2.1). At sets the upper limit of the 
temporal resolution while the duration of each individual probe pulse determines the 
lower limit. In the experiments presented here. At was typically around Ins while the 
pulse duration was approximately Ips, i.e. processes with a characteristic time longer 
than the duration of the pulse can be resolved.
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Figure 5.2.1: Illustration o f  an excite-probe experiment. The tem poral evolution o f  the transmission  
induced by the excite pulse is m easured by means o f  a second, low  intensity probe pulse.
In degenerate experiments, excite and probe pulse have the same wavelength. 
Through the appropriate choice of photon energy different mechanisms can be 
selectively excited. For instance, interband processes can be studied by selecting a 
photon energy that is equal or greater than the bandgap energy. If intersubband 
mechanisms are the subject of interest, this photon energy has to be close to the 
energy separation of the subbands. Two colour laser systems where excite and probe 
pulse have different wavelengths offer even a larger variety of experiments. The 
excite pulse may be used to excite carriers far up into the conduction band (interband 
transition) while the probe pulse may be used to probe the recombination and 
scattering mechanisms only within the conduction band (intraband transition).
The rate of recovery of the absorption may yield the dominant recombination process 
by measuring its dependence on, for example, the level of excitation, material 
properties and photon energy. Careful analysis of the experimental results gives 
detailed information about the scattering and recombination mechanisms. Interband 
recombination mechanisms are the primary concern in the bulk semiconductors 
considered in this Chapter.
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5.2.2 FELIX
FELDC is an acronym for “Free Electron Laser for Infrared experiments”. The free 
electron laser (FEL) is a special member of the laser family, in which radiation is 
produced as a result of oscillations of free electrons, instead of electrons that are 
bound in atoms, molecules or crystals. The principles of operation are beyond the 
scope of this thesis, and have been described elsewhere [BRA91]. The basic layout of 
the laser is shown in Figure 5.2.2.
undulator magnet -
mirror
electron dump
electronaccelerator
mirror
Figure 5.2.2: Schem atic layout o f  the FEL oscillator.
Electron bunches are created in an electron gun, and accelerated by an rf-linac (linear 
accelerator). The relativistic electron beam then interacts with a spatially periodic 
magnetic field with alternating polarity, the undulator. In the undulator, the electrons 
perform a transverse motion due to the Lorentz force. The acceleration associated 
with this motion causes the electrons to emit dipole radiation, which is essentially 
synchrotron radiation. However, the presence of the periodic undulator field 
significantly narrows the broad band synchrotron spectrum [KNI96]. The laser is 
completed by two mirrors, which form an optical cavity. The undulator radiation is 
captured in the cavity and thus acts back on newly injected electrons to induce them
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to radiate coherently, which results in the build-up of high laser power. The 
wavelength Xq of the radiation is given by the FEL resonance condition:
(5.1)
where Xo is the radiated wavelength, the period of the undulator field, K a 
dimensionless parameter proportional to the magnetic field strength, and y  is the ratio 
between the relativistic mass and the rest mass of the electrons.
The free electron laser has the important advantage that it can be made to operate at 
any wavelength, in principle, by a suitable choice of parameters in equation (5.1).
MACROPULSE
/ / I t
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 1 1 1
1 ps 40 ns 1 ps
Figure 5.2.3: Time structure o f  the electron beam  provided  by an rf-linac. The op tica l pu lse structure 
is basically the sam e a s the electron beam  pu lse structure.
The rf-linac produces a pulsed electron beam, consisting of electron bunches with a 
duration of typically a picosecond or less. These electron bunches are repeated at a 
repetition rate of 25MHz (40ns), which is generally much longer than the carrier
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lifetimes in the materials systems of interest here in this Chapter. Therefore, the 
excite-probe experiment described here can be regarded as a single pulse-experiment. 
Since the optical radiation is generated by the electrons, the optical pulse structure 
mimics this electron pulse structure as shown in Figure 5.2.3. The picosecond long 
pulses are called the micropulses, and the train of micropulses is called the 
macropulse. The macropulse duration is typically a few microseconds [KNI96].
5.2.3 Experimental Details
The macropulse fluctuations of FELIX depend strongly on the required performance 
and can be of order of 10%. In order to obtain a good signal-to-noise ratio in the MIR 
regime, an excite-probe setup was utilized which compensates for these macropulse 
fluctuations. The experimental arrangement is a three-beam excite-probe-reference 
setup shown in Figure 5.2.4.
40 ns
MOVABLE
RETRO
MCT
DETECTOR
EXCITE
BEAMSPLITTER
 ^ \  95%
FELIX
SAMPLEL  CHOPPER5%
1.5m
REFERENCE
ARM
20 ns
REFERENCE PROBE FOCUSSING
MIRROR
Figure 5.2.4: Schem atic d iagram  o f  the three-beam  excite-probe-reference experim ental setup, 
utilizing a modulation technique to determ ine the relative transmission o f  the p ro b e  beam  as a function  
o f  delay time, as described  in the text.
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The output from the FEL is a single monochromatic beam, which is used as an excite 
pulse. From the original excite pulse both a probe beam and a reference beam are split 
off by ZnSe beamsplitters, which are wedge-shaped in order to eliminate multiple 
pulse effects. The delay between the excite and probe pulse can be varied by means of 
a retroreflector being mounted on a computer controlled motorised stage (delay line), 
which has a maximum travel of 15cm corresponding to a maximum delay of 1.0ns. 
The probe beam passes through a second beamsplitter and is back reflected onto the 
reference beam position. The reference beam travels along a 1.5m long reference arm 
and meets the probe beam after the second beamsplitter, therefore being delayed by 
20ns. From there, the probe and reference beam follow the same optical path, transmit 
through the sample at the same position, and are both detected by the same liquid 
nitrogen cooled MCT detector. It is ensured independently that both have the same 
original size. The detector bias is modulated with 50MHz and synchronized with 
FELIX. This results in signals with opposite sign for the probe and the reference 
beam. When the system is in balance (no excite pulse applied), the integrating 
electronics show an apparent output signal of the detector which is zero (detector 
output signal equals probe signal minus reference signal). The 20ns delay time 
between the probe and the reference beam means that all relevant physical processes 
to be studied in this experiment will have finished by the time the reference beam 
passes through the sample. Hence, taking the detector output signal and dividing it by 
the reference beam signal will result in an improved signal-to-noise ratio even though 
the macropulse fluctuations which affect both the magnitude of the probe and the 
reference beam are large. In the experiment, the excite beam is chopped with 2.5Hz 
(every other macropulse is blocked) and the signal fed into a boxcar integrator (toggle 
mode). The result is a signal-to-noise ratio better than 0.1%, even when the 
fluctuations from macropulse to macropulse are several percent. The three beams are 
focussed on the sample using an f=25cm parabolic mirror, resulting in a spotsize of 
1 0 0 |xm.
The sample was mounted on pinholes in a liquid Helium flow cryostat (4.2K-300K). 
The effective excite and probe energy fluences per micropulse at the sample surface 
are estimated to be 350pJ/cm^ and lOpJ/cm^, respectively, including losses due to 
beamsplitters and optics [FIN98]. The probe beam is therefore significantly weaker
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than the excite beam, and thus has a negligible effect upon the excited carrier 
densities.
Measurements at a fixed photon energy and temperature were made by translating the 
delay line while recording the probe transmission signal and reference signal for 
alternately blocked/unblocked excite pulses. A measurement was taken over the entire 
macropulse and not resolved on a single micropulse.
The lui-xGaxSb samples (x = 0%, 5%, 10% and 20%) were grown by MBE on (100) 
GaAs semi-insulating substrates in order to meet the experimental requirement of 
transparency at the FELIX wavelengths. The nominally intrinsic epitaxial layers are 
approximately 2jXm thick. The total sample thickness was of the order of the FELIX 
wavelength so that the substrate had to be polished to a wedge-shape in order to avoid 
undesired Fabry-Perot modes.
The PbSe samples were (lll)-oriented epitaxial layers on insulating substrates 
(BaFi). The 2|xm thick epitaxial layers were grown by MBE under ultrahigh-vacuum 
conditions and were nominally undoped.
5.2.4 Differential Transmission Change (DTC)
Ideally, no excite pulse light should reach the detector and therefore the measured 
signal is purely a result of the induced transmission seen by the probe pulse. However, 
stray light from the excite pulse caused by imperfections on the sample surfaces may 
be detected and may contribute to the measured transmission signal. Since the 
detector response is too slow to resolve the individual probe (micro) pulses, the excite 
stray light would manifest itself as a constant background signal at all delays. Using a 
chopper in the excite beam permits an accurate measurement of the stray light, which 
may be subtracted from the measured transmission signal. Fortunately, the amount of 
stray light measured in these experiments was negligible.
The detector output signal is the difference between the probe and the reference 
signal. A typical plot of the measured transmission signal is shown in Figure 5.2.5.
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Figure 5.2.5: Typical p lo t o f  the induced tmns77iission signal as a function o f  the time delay between  
the excite and  the p robe  pulse.
At zero delay, when excite and probe pulse arrive at the sample at the same time, the 
sample is seen to be nearly transparent by the probe pulse due to an increase of the 
excited carrier density induced by the excite pulse. As a result of the near bleaching of 
the sample, the transmission is enhanced which manifests itself by a rapid increase of 
the detector signal. As the excited carrier density decreases with increasing delay 
time, the transmission decays away which is seen by an exponential decrease of the 
detector signal. For negative delay times, now the probe pulse arrives at the sample 
before the excite pulse, no induced transmission is seen. The value of the detector 
output at this point corresponds to the magnitude of the probe pulse signal (with no 
excite pulse applied) providing stray light originating from the excite pulse is 
negligible or has been subtracted off. The increase of the detector signal at zero delay 
is referred to as the excite-probe effect.
An accurate study of the carrier density dependence of the recombination rates 
requires that each value of the decay of the measured transmission signal is converted 
into a corresponding excited carrier density. Fitting a single lifetime to the
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exponential transmission decay is not appropriate due to the non-linear dependence of 
the absoiption and recombination rate with excited earner density. Also, the initial
excited carrier density depends upon the absoiption coefficient and the intensity of the
excite pulse.
To calculate the excited carrier density. Ne, one has to determine the absoiption 
coefficient from the transmission signal. The transmission coefficient at a given 
photon energy, hco, and for a ^material of thiclaiess z with a quasi-continuous 
absorption coefficient, a , is given by:
At
j  ^ i,w • exp[- a{ho), t) • z]it
T(ho), f) = ( l - R{no), t ) f  ^ ^ ------------  (5.2)
0
where R is the reflectivity, line the incident intensity and At the pulse duration. The 
total absorption coefficient a(hco) is given by:
— i^BA (^^jO "t" (^ pcA (^^>0 "t" (5.3)
where (%iBA(ho),t), aFCA(ho),t), aivBA(hco,t) aie the interband, free-carrier and 
intervalence band absoiption coefficients, respectively. Assuming a delta-function- 
like probe pulse (the transmission decay time is substantially longer than the probe 
pulse duration), the absoiption is approximately constant, and the transmission at 
some time to becomes:
T{%co, to ) = [l -  R{ho), to ) f  • exp[- to ) • z] (5.4)
The time dependence of the reflectivity is due to the change in the refractive index at 
high excitation densities (shift in the plasma frequency and the change in the 
interband absorption coefficient; see paragraph 5.3.1). Also, the dependence of the 
transmission on the reflectivity is complicated by the different values for the epilayer, 
the substrate and the interface between them.
To remove the problem of the different reflection coefficients of the epilayer and the 
substrate, the ratio of the measured difference in the probe and reference transmission
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to the reference transmission is taken at each delay time. This differential 
transmission change, DTC, also takes account of any drift in the probe signal due to 
misalignments.
i~ R {n 0 ,ty ^ exp[- {a{hco, t) -  {hco)) -z]~l
= exp[-(Aa(/iû),r)-z )]- l (5.5)
where oco and Rq are the equilibrium absorption and reflection coefficients. Estimates 
of the variation of the reflectivity with time due to changes in the absorption via the 
Kramers-Kronig relation have been made [CIE97a] and found to be negligible up to 
carrier densities of the order of lO'^cm"  ^in HgCdTe. Therefore, it is assumed that R(t) 
= Ro at all delay times (see also Paragraph 5.3.1).
The various absorption processes in equation (5.3) are reviewed in Paragraph (5.3.2) 
and expressions are given which are used to calculate accurately the absoiption 
coefficients.
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5.3 Theoretical Background
5.3.1 Changes of the Refractive Index and the Reflectivity
Changes in the refractive index arise from two mechanisms. Band filling effects 
change the interband absorption coefficient, Aa^A, which results in a refractive index 
change, ArjiBA(hco), which can be calculated with a Kramers-Kronig relation.
A change in the carrier density also modifies the intraband absoiption, and leads to a 
shift in the plasma frequency, Appiasma(ha)). The total refractive index change is thus:
An{ha>) = AtJiba M+Aripia,,,, (So) (5.6)
The plasma contribution to the total refractive index change is proportional to the 
carrier density, and inversely proportional to the photon energy. Both contributions 
have been included in the models used for the analysis [CIE97a].
The perturbed reflection coefficient in equation (5.4) due to Atj can be written as:
(5.7)
where po is the equilibrium refractive index of the material. Calculating the reflection 
coefficient up to carrier densities of the order of lO^^cm' ,^ Ciesla et al found that for a 
completely bleached material the size of the shift is negligible (-1%) [CIE97a].
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5.3.2 Absorption Processes
The absoiption coefficient, a(hco), can be found directly from the measured 
transmission signal. An accurate determination of the absoiption coefficient requires a 
profound knowledge of the various absorption processes involved (see equation 5.3). 
In this Paragraph, a brief summary of the three single-photon mechanisms, (a) 
interband (IBA), (b) free-carrier (FCA) and (c) intervalence band absoiption (IVBA) 
are given. A rather detailed depiction of the IBA process is given since it is expected 
and has been shown in other materials systems to be the dominant process of the 
three. Two-photon processes may be ignored since all photon energies in this Chapter 
are greater than the fundamental bandgap energy (hm > Eg). The final expressions 
used for the analysis in Paragraph 5.4 are presented. A more comprehensive 
description of the underlying models can be found in the literature [RID82, CIE97a].
5.3.2.1 Interband Absorption
The rate of absorption of photons including the effects of stimulated emission is:
Net (Probability of Absorption) = (Prob. of Absorption) -  (Prob. of Emission)
Summing over all available initial hole states and final electron states (including 
several bands), the average transition rate is:
= -E ,-nco )[ f-  - / / ]  (5.8)ij
where Bf and B, are the final and initial bands, hco is the photon energy, the delta 
function represents the energy conservation and f  is the Fermi-Dirac occupation 
function of the initial and final electron states. Khm(f,i) describes the coupling strength 
between the initial and final states, induced by the electromagnetic field of the 
photons:
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S i)  — 0  ^ M( Bf  5 )  ^ i J ) ^  ^ m^coSoV
M ,k f ,B,S i)  = (^ Wf / S f ) e ^ ’p ipi{Bi,/c-
(5.9)
(5.10)
where q is the electronic charge, mo is the free electron mass, and 8 q the dielectric 
constant in vacuum. M(Bf, kf, Bi, k;) are the momentum matrix elements between the 
initial and final states, and are only non-zero between states of the same k, i.e. vertical 
transitions in k-space as shown in Figure 5.3.1.
hco
Figure 5.3.1: Interband absorption  
transition involving two valence bands 
and one conduction band. An electron  
from  the light-hole o r  heavy-hole  
valence band is excited  into the 
conduction band, leading to an increase  
o f  the free  carrier density. The band- 
filling produ ces a  dynam ic M oss- 
Burstein shift in the absorption  edge to 
higher energies.
Equation (5.10) shows that the matrix elements depend on k (the cell periodic part of 
the wavefunction depends on k) and therefore the coupling is expected to change with 
k. However, if only states around the zone center are of interest, then this k- 
dependence may be neglected.
The absoiption coefficient is defined as:
(5.11)
with T| being the refractive index and c the speed of light in vacuum.
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Taking the intial state to be in the valence band, the final state to be in the conduction 
band, turning the summation over k into an integral and assuming the momentum 
matrix elements to be constant for small k, one can express the absorption in terms of 
the absorption cross-section a  and the joint density of states pj:
‘ P (5.12)
h=lh,hh
using
- n o y ) ^ - ^ \ S { E , - E , - H w ) d ^ k  = ^ p . { h c o )  (5.13)
and
- î â i ;  l « - J ‘
For a fixed photon energy, hœ, the transitions are fixed in k-space (Ee*’*\ Ee^, Ehh, Eih 
are constant), as shown in Figure 5.3.1. Any change in the interband absoiption 
coefficient due to an excited carrier density results from only a change in the chemical 
potentials, |l (bandgap renormalisation effects have been neglected).
The absorption cross section may be calculated using equation (5.10) and (5.15) or 
found experimentally from the small signal transmission (see Paragraph 5.5). Figure
5.3.2 shows values of a^A as a function of carrier densitiy at different photon 
energies for InSb at T=300K calculated by Findlay et al [FIN99]. Generally, the 
absorption decreases as the carrier density increases thus making it harder for more 
photons to be absorbed. This highly non-linear effect may prevent the absorption from 
being completely bleached (aiBA(hm) —> 0). At low photon energies (hcû=192meV) 
the onset of saturation is rapid since the transition occur near the zone centre. At high
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photon energies (hco=262meV) a larger change in carrier density is required for amA 
to decrease by a measurable amount since the transitions now occur at large k
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Figure 5.3.2: Interband absorption  in InSb a t T -3 0 0 K  as a function o f  carrier density fo r  different 
photon  energies.
53 .2 .2  Free-Carrier/Inter-Valence Band Absorption
A brief description of the free-carrier and inter-valence band absoiption is given and it 
will be shown in Figure 5.3.5 that for interband excite-probe experiments, with 
photon energies sufficiently greater than Eg, the interband absorption is the dominant 
non-linear mechanism.
The free carrier absoiption is an intraband process, which involves a photon and a 
phonon (see Figure 5.3.3). Four types of processes are in principle allowed:
• Two involving the absorption of a photon accompanied by phonon emission or 
absoiption.
• Two involving the stimulated emission of a photon accompanied by phonon 
emission or absorption.
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LO-phonon processes dominate over LA-phonon processes in polar semiconductors 
[RID82].
LG
hco
cb
hco
LG
Figure 5.3.3; F ree-carrier absorption  is 
a tw o-body in traband process  involving  
the absorption  o r  em ission o f  a phonon  
by an electron o r  hole. This mechanism  
causes heating o f  the carrier
distributions; the carrier density
remains constant.
The total net free-carrier absoiption, apcA is defined as:
« . c  = - f c  + w £  - K : - w r ) (5.16)
The notation is as follows: Wems“^ * means the absorption of a photon and the emission
of a phonon. It can be shown that simple relationships between Wem 
and between Wen/*’® and Wabs™'^  exist. Thus, ocpcA becomes [PLA97]:
and Wabs'abs
^FCA — l-e x p kTr 1 -  exp kT, W.
abs
abs (5.17)
where hcOy is the photon energy and Tl is the lattice temperature. This assumes that 
the carrier temperature equals the lattice temperature (see Paragraph 5.5), which has 
previously been shown to be the case in the excite-probe studies described here 
[CIE97a].
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Inter-valence band absorption (IVBA) involves the absorption of a photon, which 
excites an electron from the light-hole to the heavy-hole band, which is equivalent to 
the excitation of a hole from the heavy-hole to the light-hole valence band, as shown 
in Figure 5.3.4. The calculation of the absorption coefficient therefore proceeds in a 
similar fashion to the interband absorption, since it is a single particle process 
between two different bands.
cb
Figure 5.3.4: IVBA heats the hole 
distribution by exciting an electron from  
the light-hole to the heavy-hole band (or  
exciting a hole fro m  the heavy-hole to  
the light-hole band). The hole density  
remains the same. This is an im portant 
mechanism in p -typ e  material.
The IVBA absorption coefficient can be written as [CAR97]:
a IVBA 22£qW2q c
where the matrix element y ( k )  is the overlap between the heavy- and the light-
hole bands, as defined earlier (equation 5.10). This is identical in form to equations 
(5.12) -  (5.15) except that the expression including the Fermi-functions are different.
The expressions given in equation (5.12), (5.17) and (5.18) for the interband, the free- 
carrier and the inter-valence band absorption coefficients, respectively were used by 
[FIN99a] and [CIE97a] to show that for interband excite-probe experiments, with 
photon energies sufficiently greater than Eg, the interband absorption is the dominant
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non-linear mechanism (see Figure 5.3.5). The interband absorption depends only on 
the electron and hole quasi-Fermi energies at a fixed photon energy [CIE97, CIE97a, 
FIN98, FIN99].
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Figure 5.3.5: Equilibrium absorption  m echanism s versus photon energy in InSb a t T -3 0 0 K . U pper 
axis g ives the ratio o f  photon energy to bandgap energy.
Only the interband absoiption is taken into account for the analysis of the Ini-xGaxSb 
and PbSe results in Paragraph 5.5 of this Chapter.
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5.3.3 Conversion of Transmission into Carrier Density
The carrier density is given by the integral over the product of the Fermi-Dirac 
function and the carrier density of states. For example, the electron density in the 
conduction band is given by:
N M = ] f l E , n , ) - p X E ) d E  (5.19)
g
Analogously, a similar expression can be found for the hole density in the valence 
band.
The value of Ne at complete bleaching (aiBA(hco) 0) corresponds to the carrier 
density required to separate the electron and hole quasi-Fermi energies by an amount 
equal to the excite photon energy and increases monotonically with hco. The carrier 
concentration becomes determined assuming that the carriers thermalize rapidly 
compared with the recombination rate. Every value of transmission corresponds to a 
unique electron and hole quasi-Fermi energy (since the interband absorption depends 
only on the electron and hole quasi-Fermi energies at a fixed photon energy) and thus 
a unique excited carrier concentration, since the number of electrons and holes is 
equal. With the measured lifetimes substantially longer than the excite-pulse duration 
(Ips), the generation rate is zero during the delay time between the excite and the 
probe pulse.
Note: The non-parabolic Kane bandstructure (Chapter 3, Paragraph 3.3) is used to 
calculate the final and initial electron and hole energies, Ee and Eh, for electron-hole 
pair creation at a given photon energy, and also the density of states function, pe and 
ph. One then takes a range of electron Fermi-energies and computes the corresponding 
hole Fermi-energies and electron and hole excited carrier densities (equation (5.19)). 
At the same time, each assumed value of electron and hole Fermi energies determines 
a unique value of the interband absoiption coefficient, a  (equation (5.12)), and hence 
the transmission (equation (5.4)).
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An unambiguous relationship between the DTC and the excited carrier density is 
found which enables the conversion of the measured probe transmission signal into an 
excited carrier density. Figure 5.3.6 shows a typical plot of the excited carrier 
concentration versus optical delay time for InSb at T=300K.
T em p  =  3 0 0  K , X  =  5 .0 p m
(nSis9
200 400 600
Optical Delay [ps]
800
Figure 5.3.6: P lo t o f  the converted transm ission signal into excited carrier concentration as a  function  
o f  op tica l delay tim e fo r  InSb a t T=300K. A lso given  is the excite pulse wavelength.
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5.3.4 "Flat Valence Band" Model
The “flat valence band” model is used to calculate the recombination rates, which are 
then compared with the rates obtained from the experiment. It assumes an infinite 
heavy-hole mass, thereby decoupling the condition for energy and momentum 
conservation (the heavy-hole band acts like a momentum sink) [BEA96, CIE97].
Figure 5.3.7: The '‘f la t  valence ba n d ” m odel 
assum es an infinite heavy-hole mass, thereby 
decoupling the condition fo r  energy and  momentum  
conservation.
Central to this model is the assumption that the heavy-hole mass is infinite. This 
assumption is justifiable in narrow-gap semiconductors where the electron effective 
mass is considerably smaller than the hole effective mass. Beattie and White (1996) 
presented a detailed analytical form for the Auger recombination rates (CHCC), 
which included Fermi-statistics, isotropic non-parabolic bands and constant overlap 
integrals. The final form of the expressions have the benefit of being expressed in 
terms of the electron mass, bandgap energy and the electron and hole Fermi energies,
i.e. no adjustable parameters. The analytic approximation has previously been shown 
to give good agreement with accurate evaluations over a wide range of temperatures 
and carrier densities [BEA89].
This model was used for the theoretical analysis of the “carrier concentration versus 
delay time” results presented in Paragraph 5.5.
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5.3.5 Band Structure of PbSe
PbSe exists in the rock salt crystal structure. The lattice is face-centered cubic; the 
basis consists of one Pb atom and one Se atom separated by one-half the diagonal of a 
unit cube. In PbSe, the valence and conduction band extrema occur at the L-point of 
the Brillouin zone. These bands interact very strongly with one another across a 
narrow energy gap and are dominated by a strong k-p interaction. In contrast to the 
III-V compounds, which all have four-fold degenerate valence bands at the F-point, 
PbSe has a two-fold degenerate valence band maximum at the L-point. The two-fold 
degenerate conduction band minimum are likewise at the L-point with other energy 
bands energetically well separated. The approximately mirror conduction and valence 
bands are ellipsoids of revolution whose heavy-hole mass is along the [1 1 1 ] direction 
[DIM64. MIT6 6 , PAS8 8 ].
Intraband and interband magneto-optical experiments have been inteipreted 
previously using a k-p model which takes into account the levels forming the 
minimum gap but in addition two other pairs of far valence and conduction bands are 
introduced to order k .^ Since the effective masses for the conduction band 
(mii^^=0.069mo and mj_^^=0.037mo at T=2K) and for the valence band (mii '^^=0.066mo 
and mj_'''^=0.036mo at T=2K) differ only slightly, a simple two band model with 
mirror-like symmetry of the conduction and valence bands is used [PAS8 8 , YUA93]. 
In this model, a pair of interband matrix elements, Pu and Pi, describe the strong non- 
spherical anisotropy of the conduction and valence bands at the L-point of the 
Brillouin zone. The dispersion relations for the conduction and valence band energies 
are given by:
e .  (fc) = ^  + k ;  +kl)+ + mlE]  r  (5.20)
(5.21)
where half the energy gap. Eg, is taken to be zero of energy. The z-axis is parallel to 
the [111] direction, i.e. perpendicular to the Brillouin-zone boundary at the L-point 
for the four constant energy ellipsoids, and mo is the free electron mass. The interband
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momentum matrix elements, Pn and Pi, differ considerably for interband transitions 
parallel and perpendicular to the principle axes of the energy ellipsoid in k-space. 
They are related to the anisotropic band edge masses, mu and mi, at the L-point of the 
Brillouin zone [MIT6 6 ]. Neglecting the far-band contributions, the effective two-band 
parameters are given by:
^  = = ; —  = £  . ^  = 2.17eV (5.22)
where the value for the bandgap energy is Eg = 146.3meV [PAS8 8 ], These values 
correspond to masses mu = 0.0675mo and m i = 0.0365mo at T=2K. With increasing 
temperature, the masses become larger due to the increasing bandgap energy, and the 
energy-momentum relationships (equations (5.20) and (5.21)) change accordingly. In 
the two-band approximation the following expression for the joint density of states is 
obtained [YUA93]:
The above expressions are used in Paragraph 5.5.2 for the conversion of the DTC into 
an excited carrier concentration.
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5.4 Analysis and Comparison of Experimental and Theoretical 
Recombination Rates
The final step in studying the interband recombination processes involves analysis of 
N e ( t ) .  Three recombination mechanisms are expected to contribute to the total 
recombination rate, (a) Shockley-Read-Hall (SRH), (b) radiative and (c) Auger 
recombination. Auger recombination strongly depends on the carrier density and is of 
most interest in narrow-gap semiconductors [BEA59, HAU78, BEA8 8 , AND97]. 
Fitting a single lifetime to the N e ( t )  decay is not appropriate due to the non-linear 
dependence of the recombination rates with N e ( t ) .
The analysis of N e ( t )  is performed by calculating the total recombination rate, 
Ytheory(Ne), and integrating the rate equation to give Ne as a function of time:
dN—  ^-Ytheovyi^e) (5-24)
The total recombination rate was calculated using a numerical procedure [WHI96], 
which is based on the “flat valence band” model described in Paragraph 5.3.4. It 
requires five different input parameters, which are: the material system of interest, the 
doping level (as it affects the Fermi levels), the range of carrier densities (obtained 
experimentally from the N e ( t )  decay), the trap density N t  is used as a fitting parameter 
(as it affects the SRH recombination rate) and the temperature. The program will then 
calculate the bandgap energy, the SRH, radiative and Auger recombination rates. 
Hence, the total recombination rate in equation (5.24) comprises of the SRH, the 
radiative and Auger recombination rate, as shown in equation (5.25):
+ + (5-25)
The results of the integration of equation (5.24) are shown as solid lines in Figure
5.5.3 to 5.5.5 in Paragraph 5.5. Note: There is only one adjustable parameter in the 
theoretical calculations, the trap density Nt, which determines the SRH process and is
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used as a fitting parameter. The Auger coefficient for example is obtained by dividing 
YAuger b y  N e  .
In order to assist comparison of the theoretical Ytheory(Ne) with experiment, the integral 
of an empirical rate equation is fitted to the Ne versus tdeiay decay:
y empirical )
dN,
dt C5.26)
where A, B and C are the SRH, radiative and Auger recombination coefficients, 
respectively. The integral was found from a mathematical handbook [BR089] and is 
of the following form:
f dx 1 , 1 % b cdx
 ^xR la  I R J 2 a^ R
_i( b + 2 cx^
rdx
•\/— A
VÂ
tanh V— A
- 2
b + 2 cx
tan -1 ^b + 2 cx^
I f T
with R = a + bx + cx^ (5.27)
A < 0
A = 0for
A > 0
A = 4ac-b^
In the case of A=B=0 in equation (5.26): N, = -K2Ct +
V
(5.28)
As it will be shown in Figure 5.5.6 and 5.5.7 for the Ini-xGaxSb samples, the SRH and 
Auger terms are significant but, since radiative recombination is found theoretically to 
be negligible in comparison with Auger and SRH over the whole range of Ne, B was 
set to zero in equation (5.26).
In PbSe, the recombination rates are determined by using the expression in equation 
(5.28) -  SRH and radiative recombination was found to be negligible compared to the 
Auger-1 rate - and fitting it to the Ne versus tdeiay curve, as shown by the solid lines in 
Figure 5.5.10 -  5.5.12. No numerical procedure was available for the PbSe material 
system, which would have allowed to calculate the rates theoretically.
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5.5 Results and Discussion
Previous experiments utilising the same technique showed that over the range of 
excited carrier densities used in this study, the carrier temperatures approach the 
lattice temperature to within 2% in less than 3ps, resulting in a temperature increase in 
the sample of only ~ 0.02K per pulse [CIE96, CIE97, FIN98]. Hence, heating effects 
have been neglected and, for recombination processes, which occur in less than 20ns, 
the inteipretation is the same as for a single pulse experiment.
5.5.1 Iii|,-xGaxSb
To calculate the excited carrier density from the DTC, the interband absoiption cross 
section, a, had to be determined. A Fourier-transform spectrometer was used to 
measure the small signal transmission at the required temperatures. Figure 5.5.1 
shows an example for Ino.8Gao.2Sb at 300K.
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Figure 5.5.1: Interband absorption  coefficient as a function o f  energy fo r  In0.sGa0.2Sb a t 3 00K  in the 
region o f  the absorption  edge. The experim ental po in ts (circles) w ere taken w ith  a  F ourier transform  
spectrom eter. The so lid  line is f i t te d  from  equation (5.12) to determ ine the value o f  the absorption  
cross section.
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The open circles represent experimental data points obtained from the small signal 
absorption and the solid line represents a fit using equation (5.12) with the absoiption 
cross section, a , treated as a fitting parameter. This was carried out for all four 
samples with the Ga fraction ranging from 0% - 20%. The values for Eg found from 
the small signal absoiption were then compared with the values of the bandgap 
variation with Ga fraction obtained from equation (5.29) [ROT80] and are shown in 
Figure 5.5.2.
E [x ,T) = E ixiS)+a{r'‘xj{b, +T)+a^T'^(\-x)l{b^ + T )~x[ \-x )crT  (5.29)
with
« 2  =-3.810-^gy/jK :
b, = 260Æ 
= 200Æ
E>©
i5
§•
gI
2 1 5 -
T=300K2 1 0 -
200 -
1 9 5 -
1 9 0 -
1 7 5 -
0.00 0 .05  0 .10
G a  F raction  [%]
0 .15 0.20
Figure 5.5.2; Variation o f  the bandgap energy o f  Inj.xGaxSb with G a fraction . So lid  circles show  
m easured values obtained fro m  the sm all signal absorption. Solid curve represents values obtained  
from  equation (5.29).
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The solid circles represent measured values of the bandgap energy and were obtained 
from the small signal absorption. The solid curve represents values obtained from 
equation (5.29). Equation (5.29) was derived from a series of photovoltaic 
measurements of Ga-rich Ini.xGaxSb samples (x = 0.62 -  0.91) from which the 
bandgap energy was obtained [ROT80]. It is worthwhile to note that the agreement 
with the results obtained here from Ga-poor Ini-xGaxSb (x = 0.0 -  0.2) samples is 
remarkably good.
As described earlier, calculating the excited carrier density, Ne(tdeiay)» corresponding 
to each value of transmission, T(tdeiay), at each delay time, tdeiay, is straightforward. 
Typical plots of Ne versus tdeiay are shown in Figures 5.5.3 (InSb and In0 .95Ga0 .05Sb, 
T=300K), Figure 5.5.4 (In o.gGao.iSb and Ino.8Gao.2Sb, T=300K) and Figure 5.5.5 
(InSb, T=80K).
For tdeiay = 0, a sudden increase in the excited carrier density is observed due to the 
bleaching of the sample by the excite pulse. This causes a substantial increase in the 
excited carrier density and therefore the sample remains nearly transparent for the 
probe pulse.
For tdeiay > 0, an exponential decrease in the excited carrier density is observed due to 
the various carrier density dependent recombination processes switching in.
For tdeiay < 0 (the probe pulse now arrives at the sample before the excite pulse), 
almost no probe pulse transmission is detected (stray light from the excite pulse is 
negligible). The magnitude of the probe signal for negative delay times depends on 
the excite pulse energy, because the interband absorption is a function of the photon 
energy (equation (5.12)). The probe pulse is absorbed but results in no significant 
increase in the carrier density due to its low intensity.
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Figure 5.5.3; C om puted excited  carrier concentration, Ne, versus t,iet„y obta in ed  fro m  the excite-probe  
transm ission results a t T = 300K  as described  in the text fo r  two sam ples with G a fraction  x  -  0%  
(above) and 5%  (below). The so lid  curve is the best f i t  from  equation (5.24), including A uger and SRH  
recom bination.
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Figure 5.5.4; C om puted excited  carrier concentration, N,., versus t,i,.i(,y obta ined  from  the excite-probe  
transm ission results a t T = 300K  as described  in the text fo r  two sam ples with Ga fraction  x  = 10%  
(above) and 20%  (below). The so lid  curve is the best f i t  from  equation (5.24), including A uger and  
SRH recom bination.
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Figure 5.5.5: C om puted excited  carrier concentration, Ng, versus tdeiay obta ined  fro m  the excite-probe  
transm ission results fo r  InSb a t T=80K , The so lid  curve is the best f i t  from  equation (5.24), including 
Auger-1, A uger-7 and  SRH recombination.
Figure 5.5.3 and 5.5.4 show that good agreement between the experiment and the 
calculated rates was only achieved when SRH and Auger-1 recombination are 
included in the total recombination rate. Auger-1 recombination alone was 
insufficient to explain the N e ( t )  decay, which is in contrast with earlier work [CIE96, 
CIE97, FIN98], where SRH recombination was found to be negligible. Figure 5.5.5 
shows that at low temperatures (T=80K), Auger recombination has become quenched 
(see also calculated recombination rates at 80K for InSb and Ino.8Gao.2Sb in Figure 
5.5.6 and 5.5.7) and doesn’t make a significant contribution to the total recombination 
rate even with the inclusion of Auger-1 and Auger-7 mechanisms. The Auger-7 rate 
was derived from the Auger-1 rate using an expression given in Chapter 2, equation 
(2.11). The proportionality factor y  which links the Auger-1 and Auger-7 rates is 
shown in Figure 5.5.5. Almost identical plots were obtained for the other samples at 
low temperature. Therefore, only data obtained at room temperature are considered 
from this point onwards.
The reason for the high SRH component lies simply in the experimental requirement 
for a transparent substrate (Note: This will not be an issue in a real device). The large
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lattice mis-match between the GaAs substrate and the Ini-xGaxSb epilayer produces a 
large trap density at the interface, which is included in the theoretical analysis by the 
single fitting parameter, Nt, The layers were grown sufficiently thick to be strain 
relaxed.
Figures 5.5.6 and 5.5.7 show calculated rates of the three types of recombination 
processes included in the analysis for InSb and Ino.8Gao.2Sb, respectively at 300K and 
80K. The shaded area indicates the range of excited carrier densities induced by the 
excite pulse.
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Figure 5.5.6: C alculated  Auger-1, SRH  an d  radiative recom bination ra tes a s  a  function  o f  carrier 
density f o r  InSb a t 300K  a n d  80K. The sh aded  area  indicates the range o f  excited  carrier densities 
ach ieved  in the experim ent in InSb.
One can clearly see that at room temperature and within the range of excited carrier 
densities achieved in the experiment. Auger and SRH recombination makes the 
largest contribution to the total recombination rate. As the temperature is lowered. 
Auger recombination becomes gradually quenched and the total recombination rate is 
dominated by SRH recombination. Radiative recombination is seen to be less
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pronounced in comparison with the other two irrespective of the temperature. 
Therefore, radiative recombination has been neglected in Figure 5.5.3.
Analogously, Figure 5.5.7 shows the calculated recombination rates for Ino.gGao.aSb at 
300K and 80K. The shaded area indicates the excited carrier densities achieved in the 
experiment.
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Figure 5.5.7; C alculated  Auger-1, SRH  an d  radiative recom bination ra tes a s  a  function  o f  carrier  
density f o r  I1io.8Gao.2Sb a t 300K  an d  8 OK. The sh aded  ar ea  indicates the range o f  excited  carrier  
densities ach ieved  in the experim ent in In0.sGa0.2Sb.
Comparing Figure 5.5.7 and 5.5.6 very little difference can be seen and again, over 
the range of excited carrier densities, SRH recombination dominates over the other 
processes, which becomes even more pronounced at low temperatures. Radiative 
recombination again is seen to make a small contribution to the total recombination 
rate and has therefore been neglected in Figure 5.5.4.
Despite the strong dominance of SRH recombination in all fbui' samples due the large 
lattice mis-match between the epilayer and the transparent substrate and consequently 
a large trap density at the interface, a comparison of the Auger coefficients as a
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function of Ga fraction (bandgap energy) is made. The theoretical and experimental 
Auger coefficients are compared in Figuie 5.5.8, which were obtained from a 
procedure outlined in more detail in Paragraph 5.4.
Figure 5.5.8 shows a plot of the Auger coefficient (left y-axis) and bandgap energy 
(right y-axis) variation versus Ga fraction.
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Figure 5.5.8: Variation o f  the Auger-1 coefficient and  the bandgap energy as a function  o f  Ga fraction. 
The so lid  square- and so lid  circle-values w ere obtained fro m  experim ent w hile the so lid  line represents 
calculated  Auger-1 coefficients using the “f la t  valence ba n d ” m odel and the dash ed  line are values 
taken from  equation (5.29) [RO T80].
The measured Auger-1 coefficient, C, quantitatively determined from a fit - using 
equation (5.2% - of the excite-probe transmission results (solid squares) drops by 
approximately 16% from its value in InSb over the given alloy range. At the same 
time, the bandgap energy increases by 20% measured by Fourier transform 
spectroscopy (solid circles), as described earlier. The solid line represents values of 
the Auger coefficient, which were derived from the calculated Auger rates, YAuger in 
equation (5.24), by dividing them by 'N&. The dashed line represents values obtained 
from equation (5.29). The error arising from the correlation of the coefficients A 
(SRH) and C (Auger) in equation (5.26) is estimated to be approximately 10%.
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As shown in Figure 5.5.8, good agreement between the theoretically and 
experimentally determined Auger coefficients is obtained over the alloy range x = 0.0 
to 0.2. For the first time, a direct measurement of the Auger coefficient was made 
over a whole range of different alloy compositions. It is worthwhile to stress that all 
previously published work utilizing the same technique was carried out as a function 
of temperature rather than as a function of chemical composition [CIE96, CIE97]. The 
small variation of the Auger coefficient over a relatively large range of Ga fractions 
clearly indicates that it is the bandgap dependence of the Auger process, rather than 
the chemical composition, which causes the reduction. The fact that the Auger 
coefficient reduces with bandgap energy, in good agreement with the results obtained 
from calculations using the “flat valence band” model, is important for strained layer 
quantum well device applications in narrow-gap semiconductors. Secondly, the fact 
that the “flat valence band” model, which has not previously been tested 
experimentally over a range of alloy samples, gave good agreement with the 
experiment will facilitate future device modeling. Thirdly, the trap densities were 
approximately constant and showed no trend with alloy composition.
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5.5.2 PbSe
The analysis of the results obtained from PbSe epilayers grown on insulating Bap2 
substrates follows the same path as described earlier for the Iiii-xGaxSb samples. First 
of all, the absorption cross section, a, is determined from the small signal absoiption 
using a Fourier transform spectrometer. This is shown in Figure 5.5.9 where the 
interband absorption coefficient is plotted against photon energy, yielding the 
absoiption cross section, o, utilising equations (5.12) and (5.20) -  (5.23) for the 
theoretical fit. The bandgap energy, Eg, found from the small signal absoprtion is also 
shown.
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Eg = 263 meV
a =11.5 eV^  cm^aa
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Figure 5.5.9; Interband absorption  coefficient as a function o f  energy fo r  P bSe a t  3 00K  in the region  
o f  the absorption  edge. The experim ental po in ts (circles) w ere taken with a  F ourier transform  
spectrom eter. The so lid  line is f itte d  from  equation (5.12) to determ ine the value o f  the absorption  
cross section.
The same procedure, as described earlier is applied to calculate the excited carrier 
density, N e ( t ) ,  form the measured DTC signal. Typical plots of the computed excited 
carrier density versus time delay are shown in Figure 5.5.10 (T=300K), 5.5.11 
(T=150K) and 5.5.12 (T=77K), respectively.
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Figure 5.5.10: Com puted excited carrier concentration Ng versus taetay obta ined  fro m  the excite-probe  
transm ission results as described  in the text fo r  T = 300K  and an excite w avelength o f  4.3pm , The so lid  
curve is the best f i t  from  equation (5.2B). The calculated  value o fC  is 6x10'^^ cm^s'\
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Figure 5.5.11: Com puted excited  carrier concentration Ng versus obta ined  from  the excite-probe
transm ission results as described  in the text fo r  T -1 5 0 K  and an excite w avelength o f  4.7pm . The solid  
curve is the b est f i t  from  equation (5.2$). The calculated value o f  C  is 8x10'^^ cm^s'\ The inset is a 
vertical m agnification o f  the graph a t delay times beyond SOps.
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Figure 5.5.12: C om puted excited  carrier concentration versus obta ined  fro m  the excite-probe  
transm ission results a s described  in the text fo r  T = 77K  an d  an excite w avelength o f  4  J  pm . The so lid  
curve is the best f i t  from  equation (5.2B). The calculated  value o f  C  is 5x10'^'^ cni^s’’. The inset is a  
vertica l m agnification o f  the graph a t de lay  tim es beyond 80ps,
Figure 5.5.11 and 5.5.12 taken at 150K and 77K, respectively show clearly the rapid 
decay associated with stimulated emission at low temperatures which does not appear 
at room temperature (Figure 5.5.10) at the excitation levels shown. It has been shown 
previously [KLA95] that the carrier system of PbSe becomes degenerate at the values 
of Ne generated here for temperatures below 160K, with the quasi-Fermi levels shifted 
into the bands, giving the possibility of stimulated emission under the Bernaid- 
Duraffourg condition (Ef^-Ef"^ > Eg, see Chapter 2, Paragraph 2.2.1). The photons 
emitted by stimulated emission are amplified in the transparent sample, resulting in an 
exponential increase in photon number and a decrease of the carrier density. 
Computed results for absorption and gain versus energy for different values of excited 
carrier concentrations are shown in Figure 5.5.13. The stimulated emission reduces 
the carrier concentration very efficiently until it decreases below a threshold value 
defined by the Bernard-Duraffourg condition. The onset of stimulated emission with 
the picosecond recombination kinetics show that the carrier density is preferentially 
reduced by stimulated recombination at early delay times.
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Figure 5.5.13: C om puted non-linear interband absorption coefficient fo r  PbSe as a function o f  energy  
fo r  different values o f  excited  carrier concentration a t T=200K . The transition fro m  absorption  to gain  
can clearly be seen fo r  excited  carrier concentrations in excess o f~  lO^^cni^.
From the Ne versus tdeiay plots at temperatures in the range from 30K -  300K shown in 
Figures 5.5.10 -  5.5.12, the threshold value of Ne as a function of temperature is 
obtained and is shown in Figure 5.5.14.
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Figure 5.5.14: Threshold excited  carrier concentration fo r  stim ulated em ission versus tem perature fo r  
n-type P bSe obta ined  from  Figures 5 .5 .10  -  5 .5.12. Triangles refer to [K LA95].
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Good agreement is obtained with the results previously reported [KLA95], as shown 
in Figure 5.5.14, with values ranging from about 3xl0^^cm‘^  at 77K to 3xl0^^cm'^ at 
300K. The experimental threshold concentration at 300K obtained here is an 
estimated value obtained by changing the Fermi-level until the absorption coefficient 
just becomes negative at the experimental excitation wavelength, and calculating the 
corresponding carrier concentration.
For carrier concentrations below the threshold value of stimulated emission, the data 
were analysed with the rate equation (5.26) for radiative and non-radiative decay 
including SRH, radiative and Auger recombination coefficients A, B, and C 
respectively. This equation was solved and fitted to the decay curves as shown in 
Figures 5.5.10 -  5.5.12. It was found in all cases that Auger recombination dominated 
and the other terms were negligible, and in particular the Ne^  dependence gave a very 
good fit to the data. The value of C obtained by this fitting procedure is shown, 
plotted over the full temperature range from 30K -  300K, in Figure 5.5.15. Excellent 
agreement between theory and experiment is obtained but it is clearly essential to 
include a realistic non-parabolic band structure. The difference between the parabolic 
and non-parabolic approximations is most clearly seen in the low temperature regime 
where the Auger coefficient drops markedly between 77K and 3OK.
Finally, the Auger results for the PbSe are compared with earlier measurements for 
Hgo.795Cdo.205Te (experiment and theory [BEA96, CIE97, CIE97a]) and 
Hgo.744Cdo.256Te (theory [BEA96]). The latter curve with the same bandgap energy as 
PbSe at lOOK, i.e. Xg ~ 7pm, is taken for comparison between the two materials. It is 
found that the Auger coefficient for PbSe is between one and two orders of magnitude 
lower than for Hgi.xCdxTe at comparable values of the bandgap energy. Stimulated 
emission was not observed in the earlier Hgo.795Cdo.2osTe measurements even at the 
lowest temperatures used, but it is possible that it might be achieved in material of 
precisely the same bandgap energy as PbSe, i.e. x = 0.256 and with higher FELIX 
intensities.
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Figure 5.5.15; P bSe: A uger coefficient versus tem perature fo r  PbSe (so lid  red  triangles and so lid  
green  square [K LA95]). The dashed line is the theoretical curve fo r  a non-degenerate distribution and  
non-parabolic bands (NPA) [ZIE78]. The do tted  line is from  the sam e reference in the parabo lic  band  
(PA) approxim ation.
H gi.xCdfTe; A uger coefficient versus tem perature fo r  Hgo.7cjsCdo.205Te (so lid  circles). The so lid  lines 
are the theoretical curves fo r  the fvw com positions (Hgo.795Cdo.2osTe and Hgo.744Cdo.2S6Te) using the 
Kane m odel o f  non-parabolic, spherical bands. The bandgap energy fo r  PbSe an d  H goj44Cdo.256Te is 
the sam e (Xg~ 7pm ) a t T=100K .
One other clear difference between the two systems is in the dependence of C on 
temperature. Both PbSe and Hgi.xCdxTe are anomalous in that the bandgap decreases 
with decreasing temperature. However, in the case of Hgi.xCdxTe, because of the low 
ratio of electron to heavy-hole mass arising from the Kane band structuie, which 
decreases further with decreasing bandgap energy, the threshold for Auger 
recombination drops with reducing temperature. This bandgap dependence dominates 
over the change of the occupation function with temperature. By contrast, the ratio of 
electron to hole effective mass for PbSe is approximately unity over the whole range 
of values of Eg(T). In this case reducing the temperature below the threshold quenches 
the Auger recombination.
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5.6 Summary
Pump-probe transmission experiments have been performed on a range of epitaxial 
layers of Ini-xGaxSb (x=0%, 5%, 10% and 20%), grown on (100) GaAs and on (111) 
oriented epitaxial layers of PbSe on insulating Bap2 substrates. A direct, high power, 
interband excite-probe technique was used to study the recombination dynamics with 
a temporal resolution of approximately one picosecond using a free electron laser 
(FELIX). The measurements were carried out in the high excitation regime, far above 
the fundamental absoiption edge in the temperature range from 30K to 300K. This is 
in contrast with some previous research, which was undertaken in the small signal 
regime using photoconductivity techniques with relatively long pulse or continuous 
wave (cw) radiation, where the material is only slightly being perturbed from its 
equilibrium state [KIN73, SOU90, WIJ94].
Contributions to the recombination from Shockley-Read-Hall, Auger and radiative 
mechanisms are calculated using an analytic model with carrier degeneracy included 
[BEA97].
For the Ini.xGaxSb alloys, excited carrier densities ranged from 5xlO‘^ cm’^  to 
3xl0^^cm'^ at T=300K. Excellent agreement with the experiment is obtained over the 
alloy range x=0.0 to 0.2 (corresponding to a room temperature energy gap variation 
from 0.175eV to 0.215eV). Numerically, the room temperature Auger coefficient, C, 
reduces from the value 1.17xl0'^^cm^s'* at x = 0 (i.e. InSb) to 9.8xlO'^^cmV^ at x =
0.2 (i.e. Ino.8Gao.2Sb). The fact that C reduces with energy gap in good agreement with 
theoretical predictions is important for strained layer quantum well device 
applications. Also, the fact that the “flat valence band” model, which has not 
previously been tested experimentally over a range of alloy samples, gave good 
agreement with the experiment will facilitate future device modeling.
In the case of the PbSe sample, for temperatures below 200K and carrier densities 
above the threshold for stimulated emission, stimulated recombination represents the 
most efficient recombination mechanism with relatively fast kinetics in the 50-100ps 
regime, in good agreement with earlier reports of photoluminescent emission 
[KLA91, KLA92, KLA95, TOM95]. Above this temperature. Auger recombination
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dominates, and the Auger coefficient, C, is determined from the pump-probe decay 
curves. In the low temperature regime, the Auger coefficient is determined from the 
decay curves at times beyond lOOps. The Auger coefficient is approximately constant 
(C = SxlO'^^cm^s'^) between 300K and 70K, and then drops to a value of 
approximately C = IxlO'^^cmV^ at 30K, in good agreement with the theory for non­
parabolic near-mirror bands and non-degenerate statistics. It is found that C in the 
PbSe system is between one and two orders of magnitude lower than for Hgi-xCdxTe 
of comparable bandgap.
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6.1 Introduction
Matter in bulk has both a microscopic and macroscopic description, with the latter 
going back to the very earliest days of thermodynamics. Of the common 
thermodynamic variables pressure (p) and temperature (T), it is temperature that has
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played by far the most prominent role in probing condensed matter. Of all physical 
variables, pressure possesses one of the greatest ranges -  0 -  IMbar in diamond anvil 
cells (DACs). It is through pressure, which is a special case of generalized stress, that 
one can change the volume of a system or the average particle density. Recent 
experimental advances in high pressure technology now allow densities in condensed 
matter to be changed by more than an entire order of magnitude. The changes may be 
brought about in a quasi-static way, typically nowadays by the use of diamond-anvil 
cell devices or cylinder-piston type arrangements depending on sample dimensions 
and experimental requirements. Or they may be brought about dynamically, through 
the use of shock methods, which are accurate techniques that have been in existence 
for more than five decades [HEM98]. In either case, the atoms in condensed forms of 
matter are driven closer together. This compression offers a route to changing the 
electronic structure of the atoms themselves and to the possibility of entirely different 
bulk properties. Through the application of pressure, one of the most basic of all 
changes can be brought about, the crossing of the “great divide” from insulators to 
metals [HEM98].
The enormous potential of pressure as being a very powerful diagnostic tool for 
semiconductor materials and devices has been reviewed by many researchers around 
the world [HAW93, PAT93, MEN87, WID97]. Chapter 3 gives a brief review of the 
changes of the band structure in semiconductors brought about by the application of 
hydrostatic pressure and uniaxial stress. Probably the most significant advantage of 
pressure is that it offers the unique possibility of modeling the properties of a whole 
range of different alloys in a single sample, which resembles the changes that take 
place when the properties are changed by varying the composition. It is the strength of 
the bonds between atoms or molecules that is altered with pressure rather than 
changing them chemically by varying the alloy composition. Those changes can be 
brought about with relatively low pressures in semiconductors, which makes this 
technology so attractive and offers even more opportunities for the study of these 
materials.
This great potential and perspective has led to the development of an experimental 
technique presented in this Chapter. This technique allows the study of the properties 
and characteristics of electronic and optoelectronic materials and devices under high
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hydrostatic pressure (pmax = l.OGPa) and high magnetic fields (B = 14T) at low 
temperatures (Tmin = 77K). As the bandgap changes with pressure, wavelength 
dependent radiative and non-radiative processes can be studied. Applying a magnetic 
field imposes an easily variable confinement to the motion of carriers and new 
phenomena can be studied which are otherwise not accessible without great 
difficulties. Varying the temperature adds another degree of freedom to the 
experimental technique, which allows processes such as Auger recombination to be 
investigated which are wavelength and temperature sensitive. It is also important for 
the study of the mid-IR laser diodes described in Chapter 4, which have maximum 
operating temperatures below 300K.
It is far beyond the scope of this thesis to give a comprehensive review of existing 
high pressure techniques and to provide a full description for example of the various 
types of seals to be used for different pressure media, the use of pressure generating 
systems such as pumps, compressors and intensifiers and so forth. Such infoimation 
can be found in the literature [SPA77]. The aim of this Chapter is to provide sufficient 
information in order to fully appreciate the thoughts and ideas that went into the 
design of this technique comprising of a gas compressor, a pressure cell, a sample 
holder and a cryostat. The main design features are described in detail accompanied 
by Figures, which illustrate them more graphically. At the end of this Chapter, a 
preliminary measurement of the characteristics of a 1.5pm laser diode under high 
pressure and low temperature shows the feasibility of such experiments and adds 
weight to the great potential of this technique for new promising materials and novel 
devices in the future.
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6.2 High Pressure Technique
6.2.1 General Requirements
The experimental requirements and consequently the main design features of the high 
pressure technique shall be described in detail in the following. Particular emphasis is 
given to the design of the pressure cell and the sample holder.
The overall objective was to design a system that would allow the study of electronic 
and optoelectronic materials and devices under high hydrostatic pressures (pmax = 
l.OGPa) and high magnetic fields (Bmax = lOT) at low temperatures (T,nin = 77K). 
Furthermore, the system should be easy and safe to use, have a high reliability, high 
practical utility, i.e. it should be maneuverable and should require little maintenance.
The design of pressure generating systems for liquid media is simplified considerably 
by the combination of the relative ease in providing seals and their characteristically 
low compressibilities when compared with gaseous media. For example, pentane, one 
of the most compressible liquids, is reduced to 63% of its original volume when 
subjected to 2.0GPa pressure [BRI42]. The consequence of essentially these two 
characteristics is that high pressure pumps for liquid media can be made to operate 
reliably, requiring very little maintenance, and the pump unit can be very compact. 
The latter feature is practically very significant in laboratory work. Commercial liquid 
systems are available but do not always fulfill individual experimental requirements 
such as low temperature operation. In the case of optical experiments, the refractive 
index of the liquid pressure medium has to be accounted for which is not always 
achievable without any further difficulties.
In the case of high pressure gas generating systems the situation is considerably more 
complex. The high compressibility of gases makes a single-stage intensifier design 
totally impractical, whereas, double or multi-staging makes the assembly very bulky 
and the added number of components significantly affects the cost. One alternative 
approach is to employ a reciprocating pump design whether of the piston-cylinder or
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diaphragm type. However, these systems are more prone to seal failure particularly on 
the non-return valves, thus their operation is limited to below 0.7GPa [STA82].
For the reasons mentioned above, it became clear that only a high pressure gas system 
as opposed to a high pressure liquid system would meet all the experimental 
requirements.
6.2.2 Pressure Medium
For a successful high pressure experiment a proper choice of pressure-transmitting 
medium is one of the most important factors and imposes a range of constraints on the 
pressure medium. It is generally assumed [SPA77, SHE82] that an ideal pressure- 
transmitting medium should possess the following properties:
• Zero shear stress, i.e. it should assure perfect hydrostatic pressure
• Possibility of changing pressure within a very wide temperature range
• Chemically inert
• Zero penetration into the sample and material used for construction of the 
equipment
® Low compressibility
• Easy to seal
• Good optical properties (refractive index should be close to that of air)
• Easy to handle and safe (non-toxic, non-flammable)
« Ensure high purity in experiments
There is, of course, no real medium, which meets all these requirements. Usually the 
choice is made individually for each experiment taking into account specific 
requirements. Gaseous pressure media have several advantages in comparison with 
liquid pressure media such as perfect hydrostatic pressure conditions in a wide 
pressure range. Furthermore, gaseous pressure media are supreme in terms of the 
possibility of changing pressure even at very low temperatures, the availability of 
gases of high purity which is very important in experiments at high temperature and
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the easy handling. Thanks to these advantages, gaseous high pressure systems are 
widely used in high pressure research and technology which made it the number one 
choice for the system described in this Chapter.
6.2.3 Gas Compressor
After months of unsuccessful attempts of refurbishing and upgrading a 20-year-old 
compressor, which was donated by a research group at Imperial College, London, it 
was finally decided to make a payment towards the professional refurbishment of the 
second hand compressor. Corrosion, material fatigues and the incoiporation of safety 
features which weren’t fitted as a standard at the time when the compressor was built 
added weight to the decision that the gas compressor could not be overhauled and 
upgraded in-house. It was therefore sent back to the manufacturer UNIPRESS, a 
Polish company located in Warsaw, which is specialised in high pressure equipment 
and accessories and is a spin-off company of the Polish Academy of Sciences. .
The newly refurbished gas compressor of type U 11 supplies hydrostatic gas pressure 
of up to l.SGPa. The gaseous pressure medium (Helium, Nitrogen, Argon) comes 
from a commercial gas bottle. It features three compression stages during which the 
gas is compressed to the maximum pressure of 1.5GPa. The entire compressor can be 
divided into a hydraulic and a gas part where the flow of the gaseous pressure 
medium and the hydraulic fluid is controlled by valves.
The first compression stage is essentially a steel cylinder containing a plunger with 
the volume on the upper side of the plunger being filled with gas and on the lower 
side being filled with oil. The second stage is an intensifier (multiplicator), which 
again is basically a steel cylinder but this time the two ends of the plunger having 
different diameters. The ratio of the two diameters determines the pressure on both 
sides of the plunger in equilibrium since pressure is simply the ratio of force over 
area. A ratio of the two diameters of 5:1 (multiplication factor), i.e. the diameter on 
the hydraulic side is five times larger than on the gas side, means that the gas pressure 
is five times higher than the oil pressure. Equally, the third stage is another intensifier 
with a gas to oil pressure ratio of 80:1. The principle of operation is explained in the
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following and can be seen on Figure 6.2.1. The following description must not be 
used, on no account, as an instruction manual.
Gas Pressure [MPa]
Sample
Piston
Position
u Stage
Pressure
GaugeControl
Gas Cylinder 
8-15 [MPa]
Hydraulic Power 
Unit Oil Pressure [MPa]
Figure 6.2.1; Block diagram  o f U l l  gas com pressor with a maximum pressure o f  1500 MPa.
The gaseous pressure medium (helium) enters the system via a steel capillary 
connected to the compressor and can be controlled via valve “9”. The minimum gas 
bottle pressure required is 8 MPa. Gas flows into all three compression stages and
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through a BeCu capillary connected with the high pressure cell containing the sample. 
In a first step, the gas is compressed in the first stage by pumping hydraulic fluid (oil) 
into the bottom part of the first stage, moving the plunger upwards and thereby 
decreasing the volume of the gas part. As a result of this, the gas pressure in all three 
stages increases. When the plunger is at its uppermost position, the compression of 
the first stage is completed and the valve separating the first from the second stage 
(valve “10”) is closed. In order to release the oil pressure in the first stage, valve “2” 
is opened and oil flows back into the oil reservoir of the hydraulic pump. Oil and gas 
pressures are shown on different gauges and should be carefully monitored. A 
maximum gas pressure can be achieved of approximately 70MPa. Further 
compression will result in a damage of the first stage.
To proceed with the compression of the gas, oil is now pumped into the hydraulic part 
of the second stage. Again, the plunger (piston) moves upwards and compresses the 
gas in the upper part of the second stage. Since the multiplication factor of the second 
stage is 5:1, oil and gas pressure, which should be closely monitored on the two 
gauges, will differ by a factor of five. Compression of the gas using the second stage 
is completed when a maximum gas pressure of 350MPa is achieved providing no 
leaks until this point have occurred. Immediately after reaching the maximum 
pressure, valve “11” is closed in order to separate stage II from stage III. To release 
the oil pressure in the second stage, valve “4” is opened and oil flows back into the oil 
reservoir of the hydraulic pump.
Finally, compressing the gas in the third stage eventually will result in the very high 
gas pressures achievable with this compressor. This is the most critical and dangerous 
part of the compression procedure and therefore requires special attention. Oil is 
pumped into the bottom part of the third stage, the piston moves upwards and 
compresses the gas further. Now, the movement of the piston should be carefully 
observed. Damage will be done to the third stage when the piston moves beyond its 
uppermost position. The multiplication factor of the third stage is 80:1, i.e. that an oil 
pressure of only 18MPa is equivalent to a gas pressure of approximately 1.5GPA, the 
maximum gas pressure of the U ll compressor. As opposed to the first and second 
stage, the oil pressure is not released. The gas pressure which is measured by a 
manganin gauge at the top end of the third stage can be varied in steps as small as 
lObar by varying the pump speed of the hydraulic pump. The piston position is 
displayed on the front panel of the compressor and is measured by means of a
Chapter 6 High Pressure Technique fo r ...____________________________ 2 i
displacement transducer mounted on the top part of the hydraulic cylinder of the third 
stage. Providing no leaks have occurred, the pressure should stabilise after the gas has 
reached its equilibrium temperature, which normally takes a couple of minutes.
The compression is now completed and one can begin with the experiment. At all 
times during the compression, one must pay special attention to any changes of the 
gas and oil pressure, respectively and the position of the piston. Also, one must be 
prepared to teiminate the compression cycle at all times when hissing noises can be 
heard due to leaks. Therefore, only trained and qualified persons should be allowed to 
operate the compressor for safety reasons.
To provide great practical utility, one of the general requirements of a pressure 
system, the gas compressor was lifted on a heavy-duty industrial trolley with lockable 
caster brakes. For safety reasons, a slab of the same size as the gas compressor was 
cut out of the wall of a separate enclosed room in the lab and the gas compressor was 
placed so that all system components under high pressure are inside the room and the 
experimenter can safely operate the gas compressor from the outside. A Perspex 
window allows the ongoings of the experiment to be observed. In addition, the room 
was shielded with aluminium sheets, the windows protected by large Perspex sheets 
and a wooden railing was built to securely attach the capillary to it. In the case of a 
sudden decompression, the opening of a fan will enable the gas to escape and to 
prevent the windows from being blown out by the shockwave of the decompressed 
gas.
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6.2.4 Gas Cell
A custom-made gas high pressure cell with clearly specified features was purchased 
from UNIPRESS after numerous attempts were made to repair old gas cells which 
had not been in use for at least one decade. The main features and the design of the 
new pressure cell, which is the first one of its kind, can be seen on Figure 6.2.2.
The high pressure gas cell, designed for a maximum hydrostatic pressure of l.OGPa, 
is made of Beryllium Copper (BeCu), a material which is non-magnetic and fairly 
common in high pressure technology where high pressure equipment is exposed to 
large magnetic fields. It is fairly easy to machine despite its very high tensile strength 
but it is toxic. The cell essentially is a thick wall cylinder with an inside diameter of 
7.2mm and an outside diameter of 23mm. An optical and electrical plug are screwed 
into either end of the cell. The assembled cell measures 92mm in length and weighs 
approximately 0.5kg. Recommended temperature range within which the cell can be 
operated safely is 1-350K.
The cell features optical access through a 6.0mm sapphire window (0 : 6 mm, length: 
4mm). The window is needed when optoelectronic materials are to be studied. 
Sapphire as a window material was chosen because it is the most standard and 
inexpensive window material used in high pressure cells apart from quartz and 
diamond and has a transmission window from the visible out to the mid-IR (50% 
transmissivity at 6 jLim). The window is mounted on an optical plug with an aperture 
diameter of 1.9mm and a conical hole with an angle of 6^20’ (bottom plug on Figure 
6.2.2). The surface onto which the window is placed has to be scratch-free. To seal 
the window, an extremely thin film of Silicon Rubber is used between the window 
and the metal surface of the optical plug. The plug is sealed with a tin-coated brass 
ring, which acts as a Bridgman unsupported area seal. This type of seal is based on the 
principle that the contained pressure medium produces an “oveipressure” in the seal, 
which prevents leakage, i.e. the pressure in the seal is always greatest. This type of 
seal has been used up to pressures of 5GPa. The brass ring is coated with tin to ensure 
sufficient initial sealing at low pressures.
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Figure 6.2.2: Schem atic diagram  (not to scale) o f  the JO kbar BeCu (non-m agnetic) g a s pressure cell 
fo r  electrolum inescence m easurem ents to be used in a m agnet a t low tem peratures.
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The manufacture of the electrical plug, featuring a feedthrough for the gas capillary 
(connected to the gas compressor), a feedthrough for 8  electrical wires and a sample 
platform onto which the sample clip described in Paragraph 6.2.5 is mounted, 
presented a real challenge even to the experienced high pressure engineers at 
UNIPRESS.
The difficult task was how to accommodate the gas inlet and the electrical 
feedthrough on the same plug without weakening the material too much by reducing 
the wall thickness between the two feedthroughs and making the material itself prone 
to fail at high pressure. Given the dimension of 7.2mm of the top end of the plug that 
reaches into the inner bore of the cell body, it was purely a problem of space. The gas 
inlet which basically forms an extension of the capillary that is connected to the gas 
compressor had to be parallel to the cell axis because it was intended to use the 
pressure cell inside a vertical bore superconducting magnet with optical access from 
the bottom side. Therefore, gas inlet and electrical feedthroughs had to be on the same 
plug opposing the optical plug. Several concepts of how to construct the electrical 
plug without driving the manufacturing cost out of proportion were then taken into 
consideration and discussed. Finally, a prototype plug was made and successfully 
tested up to a pressure of 1 .OGPa and it was that design which was adopted for the 
final design version of the plug.
Another difficulty was how to design a sample platform without taking the risk of the 
sample being blown away as compressed gas enters the sample chamber through the 
gas capillary which is located directly below. As shown on Figure 6.2.3, a multilevel 
construction is therefore used.
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Figure 6.2.3: M ultilevel
construction (not to scale) mounted  
on the e lec trica l p lu g allow ing  
quick sam ple change. A pressure  
sensor and a therm ocouple are  
p laced  in the proxim ity o f  the 
sample.
This multilevel construction incorporates an auxiliary table being screwed into the 
plug. Another table is permanently mounted on the auxiliary table, which acts as a 
platfoiin for the pressure gauge and provides solder joints for the electrical 
feedthroughs. The sample platform is attached to the pressure sensor platform via a 
“pull & push” connection and can be removed easily and quickly. The sample itself is 
placed in a sample clip (see Paragraph 6.2.5). The sample clip is glued onto the 
sample platform.
The electrical wires that are coming through the electrical feedthrough are soldered to 
the lower side of the solder pins with the exception of one copper and one constantan 
wire which are fused together to form a thermocouple (type T). The solder pins are 
coated with lacquer to avoid short circuit to the cell. Four of the remaining six wires 
are connected from the upper end of the solder pins to a pressure sensor. The pressure 
sensor is a highly n-doped InSb bulk crystal (4xlxlmm), whose resistance is 
extremely pressure sensitive but temperature insensitive and is measured via a four 
terminal measurement. The remaining two wires can be used for the sample. The 
wires are sealed inside the feedthrough of the electrical plug using pyrophyllite 
powder and a BeCu cone. This feedthrough is identical to the one described in 
Chapter 7 and a more detailed description can be found in Appendix D.
The cell must be assembled in a clean environment and special care must be taken of 
all sealing metal suifaces. All these surfaces must be inspected under the microscope
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for scratches and indentations prior to the assembly of the cell. In case of the surfaces 
being scratched they must be carefully polished with diamond polish paste of different 
grain size and subsequently cleaned with extraction naphta. These precautions are 
absolutely vital if a high pressure experiment is to be succeeded. Last but not least, 
never exceed the maximum pressure of l.OGPa (maximum gas pressure of the cell).
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6.2.5 Sample Clip
A real challenge presented the design of a sample clip, which is mounted on top of the 
sample platform described earlier. Many thoughts went into the design given the 
constraints imposed by the space available between the sample platform and the 
sapphire window. It was measured that the diameter of the sample clip must not 
exceed 5.0mm and the total length had to be shorter than 5.5mm. The sample clip also 
had to meet the following criteria. It should allow a quick and easy sample change 
away from the electrical plug of the cell preferably under a microscope, i.e. it could 
not be permanently attached to the sample platform. It should provide two electrically 
insulated solder joints to electrically drive a sample, to position for example an edge- 
emitting laser diode so that the facet is facing the sapphire window, and allow an easy 
fabrication from a readily available material in order to have several made of it. All of 
these constraints impeded a straightforward design of a sample clip, which had to be 
within the dimensions given above. Numerous catalogues of hardware merchandise 
were reviewed, watchmakers were consulted who are used to dealing with tiny parts 
like springs, screws and washers. It then became clear that the design could not 
accommodate screws due to the given spatial limitations and had to solely rely on 
either a solid or soldered design. The concern with a soldered design was mainly due 
to the electrical contacts, which were also to be soldered and would consequentially 
heat the sample clip, possibly to a degree that it would fall apart. The apparently 
favourable idea of a solid design imposed the problem of how to electrically insulate 
the solder joints in order to avoid shortening out the sample. As a result of several 
weeks of careful sketching, a compromise uniting both ideas of a solid and soldered 
design was found and is illustrated in Figure 6.2.4.
The sample clip derives his name from the fact that an elastic arm just touches the 
sample from above and excerts enough force to hold the sample in place. The 
elasticity of the arm originates from both the thickness of the material and the solder 
joint to the body of the clip. The entire sample clip is made from brass, which is easy 
to machine even down to such dimensions. Teflon could not have been used because 
of its softness and vespel, a non-conductive material with high tensile strength and 
easy to machine which is used in space shuttles was not available. The groove on the
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bottom side is used for a indium-coated ceramic sample carrier, which provides 
electrical insulation for the solder joints.
1. Sample platform
2. Sample clip
3. Elastic arm
4. Indium coated ceramic 
carrier
5. Sample
Figure 6.2.4: Sample clip design to mount laser sam ple inside gas pressure cell. The dim ensions are  
given in M illim eters.
The solder Joints are placed on top of the elastic arm and on the indium-coated sample 
carrier. Conductive silver epoxy was used to attach a thin wire to the sample carrier 
and another thin wire was soldered on to the elastic arm. The sample clip is glued 
onto the sample platform using ordinary silicon rubber glue, which has proven to be 
sufficiently strong even down to cryogenic temperatures.
When mounting a sample, the sample clip is clamped in a miniature vice, so that the 
experimenter has both hands free to lift the elastic arm with a purpose-built tool and 
to put the sample in place on top of the ceramic carrier. The elastic arm is then 
lowered down so that it gently touches the top of the sample. If needed, the elasticity 
(springiness) of the elastic arm can be adjusted in case of varying sample thicknesses.
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6.2.6 Cryostat
A liquid nitrogen (LN2) cooled cryostat was designed specifically for the lOkbar 
BeCu pressure cell mainly for the reason that the mid-IR laser diodes, described in 
Chapter 5, could be measured as a function of pressure and temperature. Figure 6.2.5 
shows a schematic of the cryostat.
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3. High pressure capillary
4. LN2 exhaust
5. Wire feedthrough
6 . Wires <
7. High pressure cell
8 . LN2 reservoir
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Figure 6.2.5: Specifically designed  liquid nitrogen cryosta t fo r  lO kbar BeCu high pressure cell.
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The characteristic feature of this home-built cryostat is that the pressure cell is fully 
enclosed by a LN2 reservoir made from copper, which is suspended solely on two 
thin-walled stainless steel tubes for LN2 filling and LN2 exhaust. Stainless steel is 
used to minimise thermal contact of the cold unit including the LN2 reservoir and the 
pressure cell to the outside world. A copper jacket wrapped with heating wire to allow 
the temperature to be varied directly surrounds the pressure cell and has a smooth fit 
with the LN2 reservoir. Copper is used because of its excellent heat conductivity. This 
cold unit is placed inside an evacuated aluminium chamber with stainless steel top 
and bottom plates. The bottom plate contains a calcium fluoride window (35mm 
diameter, 2 mm thick) and is bolted on the aluminium cylindrical cryostat housing and 
is sealed by means of a rubber O-ring. A standard Oxford Instruments window seal 
arrangement is used comprising of two O-rings and a metal retaining ring to seal the 
window. The top plate features a vacuum port, a vacuum tight T-piece connecting the 
sample wires via a BNC connector and the remaining 8  wires (two for the heater, four 
for the pressure sensor and two for the thermocouple) via a 10-pin plug. Furthermore, 
a QF 40 flange with appropriate O-ring, blank and clamp is fitted through which the 
pressure cell can be taken in and out of the cryostat. To seal the capillary, a standard 
Oxford Instruments dipstick entry port is soldered into the QF 40 blank.
The main advantage of this cryostat is that it doesn’t require any cold windows and it 
allows easy and quick installation of the pressure cell which is enclosed by a fairly 
large LN2 reservoir to speed up the cooling rate and doesn’t need refilling during the 
course of the experiment. One of the disadvantages is that the quality of the thermal 
contact between the pressure cell and the copper jacket on one hand and the copper 
jacket and the LN2 reservoir on the other hand essentially determines the base 
temperature of the cryostat. A fairly tight fit of these parts should maximise the 
thermal contact between them and temperatures down to 77K should be achievable.
The cryostat was successfully tested by pumping out the vacuum chamber down to 
pressures of approximately 2-3xlO'^mbar, sufficiently high for ensuring good thermal 
insulation, filling the reservoir with liquid nitrogen and measuring the temperature of 
the copper jacket by means of a thermocouple. A base temperature of 78K was 
reached after an approximate cooling time of one hour.
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6.3 Preliminary Result and Interpretation
A preliminary measurement was carried out using an InGaAs/InGaAsP/InP laser 
diode with an emission wavelength of 1 = 1.48pm containing 4 0.6% compressively 
strained quantum wells (Lz = 25Â) and unstrained 130Â thick barriers (Xy = 1.3pm) 
which were grown by Philips, Eindhoven, Netherlands. This laser was previously 
tested and characterised as a function of pressure at room temperature using a liquid 
pressure system [SWE99b, PHI96]. Therefore, the laser was thought to be ideal for a 
preliminary test of the entire gas system because a comparison with the previously 
obtained pressure results at room temperature could be made easily.
Using a germanium detector and an optical spectrum analyser (OSA), two 
measurements were carried out measuring the emission wavelength and the threshold 
current as a function of hydrostatic pressure at 300K and 8 IK. It has been previously 
reported that Auger recombination accounts for 80% of Ith at room temperature and 
atmospheric pressure in these lasers [SWE99b]. By applying pressure to this device, 
the lasing wavelength was tuned to shorter wavelengths due to an increase of the 
bandgap energy. It was shown qualitatively in Chapter 2 and quantitatively in Chapter 
5 that Auger recombination is strongly dependent on bandgap energy, thus by 
applying hydrostatic pressure to the device, thereby increasing the bandgap energy. 
Auger recombination is expected to be decreased. The variation of the lasing 
wavelength, X, as a function of pressure is shown in Figure 6.3.1. It is clearly shown 
that the lasing wavelength decreases with increasing hydrostatic pressure. From these 
data, the variation of the lasing energy, Eiasing, as a function of pressure is deteimined 
and yields an average value of dEiasing/dp = (9.08 ± 0.09) meV/kbar. This agrees 
closely with the published rate of change of the direct bandgap with pressure for InP 
(dEg/dp = 8.4 meV/kbar) [ADA91] and InGaAs alloys (dEg/dp = 8 . 8  meV/kbar) 
[WEL93]. One can therefore be confident that the pressure is being applied to the laser 
hydrostatically.
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The corresponding variation of the threshold current as a function of pressure for this 
device is plotted in Figure 6.3.2 for two different temperatures, 300K (inset) and 8IK. 
The threshold current was measured with both increasing and decreasing pressure in 
order to check whether any damages had occurred to the laser during the pressure 
cycle. The laser was pulsed with a pulse width of Ips and a pulse period of 1ms.
The inset of Figure 6.3.2 shows the variation of Ith at 300K while the other data points 
were taken at 8IK. It is observed that the threshold current at 300K decreases with 
increasing hydrostatic pressure at a rate of -0.5mA/kbar, which is determined from a 
least squares fit of the experimental data points. The uncertainty in Ith is assumed to be 
approximately 1%. This result is in very good agreement with previous results * 
obtained from measurements of Ith as a function of hydrostatic pressure using a liquid 
pressure medium [SWE99b]. The reduction of Ith is believed to be due to the reduced 
Auger contribution to Ith. At tlueshold, lasers with an emission wavelength of 1.5pm 
are dominated by Auger recombination at room temperature. Sweeney et al found that 
80% of Ith are due to Auger recombination at 300K [SWE99b]. Therefore, the 
dominant current path at threshold is the non-radiative current Inon-rad (see Chapter 2, 
Paragraph 2.2.4). Auger recombination decreases as the bandgap is increased. Hence, 
the threshold current is expected to be reduced with increasing hydrostatic pressure, 
which is seen in Figure 6.3.2. Sweeney et al found that the dominant Auger 
recombination process in 1.5pm lasers is the direct, d-CHSH process. Calculations by 
Silver et al [SIL97, SWE99b] of the variation of the Auger coefficients with pressure 
for the direct and phonon-assisted CHCC and CHSH processes show that the Auger 
coefficient for the d-CHSH drops by approximately 20% over a pressure range of 
4kbar. This agrees very well with the observed reduction of Ith with increasing 
pressure at 300K, as shown in the inset of Figure 6.3.2 which shows a drop of Ith by 
approximately 18% over a pressure range of 4kbar. (-0.56mA/kbar)
The measurement was terminated at 4kbar because very good agreement with 
previous results at 300K was already achieved. Measuring Ith as a function of pressure 
at a lower temperature seemed, at this point, more interesting since such data for a 
1.5pm laser had never been obtained before.
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Subsequently, the laser sample was cooled down to 81K and the threshold current was 
measured pulsed as a function of hydrostatic pressure. Data points again were taken 
with increasing and decreasing pressure. It is advisable to pressurise the pressure cell 
prior to cooling it because of the different thermal expansion coefficients of the tin- 
coated brass seals and the BeCu cell. Therefore, the data set taken with increasing 
pressure starts at a pressure of 3.5kbar. A slight hysteresis is seen between the two 
data sets but still within the error bars, which are estimated to be approximately 1%. 
The detector had to be realigned after the maximum pressure of 6.5kbar was reached. 
This time, an increase of Ith with increasing pressure is seen at a rate of 0.02mA/kbar, 
which again was determined from a least squares fit of the data points obtained when 
the hydrostatic pressure was lowered from its maximum value to zero. However, the 
data points obtained with increasing pressure yield a similar rate of change of Ith. An 
increase of Ith with increasing hydrostatic pressure, to the best knowledge of the 
author of this thesis, has never been observed in a 1.5pm laser diode before.
It is reasonable to assume that at this temperature the threshold current is no longer 
dominated by Inon-rad. This has been reported by Sweeney et al [SWE99b] and Philips 
et al [PHI96] from temperature dependent measurements of Ith in 1.5 pm lasers and a 
similar argument is used to explain the temperature characteristics of the InSb-based 
laser diodes in Chapter 4. The dominant current path now is the radiative current, Irad. 
Sweeney et al shows that the radiative current increases with pressure, approximately 
as Eg^  for quantum well devices. Band offsets remain approximately constant as a 
function of pressure, hence carrier leakage is expected to be independent of 
hydrostatic pressure unless X- or L-valleys play an important role. Figure 6.3.3 shows 
a plot of Ith as a function of bandgap energy at 8 IK.
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As can be seen in Figure 6.3.3, the variation of Ith as a function of bandgap energy 
yields a significantly higher bandgap energy dependence as would be expected if Ith 
was dominated solely by the radiative current, Irad (~ Eg )^, as indicated by the straight 
line. Carrier leakage and Auger recombination are unlikely to account for the increase 
of Ith with increasing hydrostatic pressure due to reasons discussed earlier. Goniil et al 
[GÔN99] has shown using a three-layer waveguide model that the optical 
confinement factor is predicted to vary with bandgap energy as F « C*Eg ,^ where C is 
a material constant, essentially independent of pressure. From this, the smallest 
optical confinement factors are expected in long-wavelength lasers, which therefore 
require the highest threshold gain. Unfortunately, an increase of Ith with increasing 
pressure, i.e. decreasing wavelength cannot be accounted for by the change of the 
optical confinement factor.
It remains to be seen what causes kh at this temperature to increase at a rate, which is 
significantly larger than expected. Up to this point, no satisfactory explanation has 
been found. Since this was the first time that an increase of Ith with hydrostatic
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pressure in a 1.5 pm laser was observed, no conclusive information has therefore been 
found in the literature that would allow a quantitative analysis and inteipretation of 
the result. In order to draw any sensible conclusions from this result, a more 
comprehensive study is required including several samples whereby hh is measured as 
a function of temperature from 77K to 300K at constant pressure. This could then be 
repeated at different constant pressure values, which should yield a temperature at 
which Ith remains nearly constant as a function of pressure. The same set of 
experiments could be carried out using a 1.3 pm laser. Both data sets could be 
compared and the one obtained from the 1.5 pm laser could be normalised to the one 
obtained from the 1.3 pm laser. Hence, only data sets could be compared where both 
lasers have the same emission wavelength. This should help to discriminate thermal 
effects from pressure (or wavelength) effects.
However, the unfortunate circumstances that six of the total number of eight electrical 
feedthroughs were found to be faulty after this preliminary experiment meant that no 
further experiments could be carried out within a reasonable period of time. The 
repair of the electrical feedthroughs is extremely difficult and time-consuming and 
requires special wires, which were not readily available in the UK and had therefore 
to be ordered from UNIPRESS in Poland. The success rate of sealing wires at high 
gas pressures and low temperatures remains even with the provision of professional 
assistance very low (<35%). These very unfortunate circumstances should not lead to 
the misconception that such experiments cannot be carried out routinely and the result 
obtained from this preliminary experiment is therefore less intriguing and physically 
meaningful.
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6.4 Summary
An experimental technique has been presented which allows the effects of Landau 
confinement under high hydrostatic pressure and low temperature on electronic and 
optoelectronic materials and devices to be studied. The technique has proven to be 
very useful and provides the chance to gain deep insights into the physical properties 
of semiconductor materials and laser diodes in particular. A preliminary experiment 
measuring the threshold current as a function of hydrostatic pressure at different 
temperatures of a InGaAs/InGaAsP 1.5 pm laser diode has demonstrated the feasibility 
of such studies using the newly developed technique.
It took nearly the entire period of three years from the point when a decision had to be 
made concerning the required system configuration, designing and fabricating system 
components such as the pressure cell, sample clip and cryostat either in-house or by 
outside contractors until the completion and final test of the entire system. 
Furthermore, numerous tests of individual parts were carried out and several faults 
were detected, which were subsequently in an extremely time-consuming process 
resolved. The author of this thesis has been involved in the development of this 
technique since the project’s inception and most of the pioneering work was carried 
out single-handedly in a maverick-like approach. It was found that such work can 
only be efficiently undertaken if adequate support is provided both in terms of 
sufficient spare-parts being available and an efficiently operating in-house machine 
shop.
To the dissatisfaction of the author of this thesis, no more results were obtained due to 
a lack of time at the end of the three year period and the failure of individual system 
components, e.g. the electrical feedthroughs on the electrical plug of the pressure cell 
were found to be shorted to the pressure cell body after several pressure cycles. A 
lesson was learned from the misconception that one could use a single cell for 
magnetic field and temperature studies especially at times when the entire system was 
still in its infancy and further testing was required. This led to a design of a cell, 
which offered little flexibility and very little room for a sample clip. Instead, different 
pressure cells for the magnet and the cryostat would have been beneficial in terms of
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the design of the sample clip and would have made the procedure of changing the 
sample significantly easier especially since no standard routine could be applied. In 
general, a rather flexible system configuration is desirable and would not have driven 
the expenses to astronomical heights.
A thorough and more detailed study of the preliminary experiment is essential for a 
proper inteipretation of the results. Unfortunately, this was not attainable within the 
given period of time since it would require a comprehensive set of measurements with 
varying experimental parameters, for example measuring the threshold current at a 
fixed pressure and sweeping the temperature for several samples. This should not lead 
to the assumption of the result being less intriguing and physically meaningful 
especially since this was the first time that an increase of Ith with pressure has been 
observed in a 1.5pm InGaAs(P) laser diode.
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7.1 Introduction
Until a few years ago, researchers had thought that lattice matching was crucial to 
multi-layer semiconductor lasers [ADA92]. The constraints imposed on laser designs 
and applications by the few lattice-matched materials combinations available not only 
drastically limits the wavelength range but also impedes novel approaches to 
overcome intrinsic loss mechanisms.
Since then, much progress has been made in terms of high quality growth of lattice 
mis-matched structures. The growth of strained-layer structures has several 
advantages. Strained layers allow new materials combinations on established 
substrates (for example SiGe on Si [PHW92]). With the independent variation of
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bandgap energy (lasing wavelength) and lattice constant, it is possible to access 
wavelengths not otherwise achievable (1pm emission from GalnAs/GaAs). Axial 
strain also introduces new physical effects which significantly modify the 
semiconductor’s electronic properties and reduce intrinsic losses (see Chapter 3, 
Paragraph 3.5 for the effects of strain on the band structure and Chapter 2, Paragraph
2.3 for the suppression of loss mechanisms by the use of strain).
Hydrostatic pressure has been an extremely useful diagnostic tool for the study of 
semiconductor lasers [ADA89]. It has led to the identification of a dominant loss 
mechanism in quantum well lasers (IVBA) [RIN92]. The incorporation of elastic 
strain into quantum-well structures has added a new dimension to the possibilities 
available for band structure engineering in semiconductor quantum well lasers, 
polarisation insensitive optical amplifiers and electro-optic modulators [SEK93, 
SHI94, SIL95]. Many of the characteristics of these devices have been improved by 
the incorporation of built-in biaxial strain [REI89, REI94] during the growth of these 
semiconductor devices. The effects of built-in strain are complex and multifarious, 
and despite its successful implementation into devices, much of the basic physics has 
not been properly quantified and devices may still be far from optimum.
When hydrostatic pressure is applied to a m-V semiconductor or alloy, the direct 
bandgap at the T-point increases by about lOmeV/kbar, but the crystal symmetry 
remains unchanged. This variation mimics in some ways the changes brought about 
by varying the alloy composition and allows a range of band structures to be studied 
in one device while avoiding changes due to using different devices. The increase of 
the direct bandgap energy also tunes the operating wavelength of lasers and can be 
used to study the wavelength dependence of radiative and many non-radiative 
mechanisms within a laser device. The application of uniaxial stress changes the 
crystal symmetry and hence changes the band structure but not quite in an analogous 
way to the effects of built-in biaxial strain. This is because the volumetric change and 
hence the change in bandgap energy is different for uniaxial compressive strain and 
biaxial tensile strain (see Appendix C). However, externally applied uniaxial stress 
can be used to increase or decrease the amount of built-in biaxial strain within the 
active region of a single laser device whilst studying its characteristics. Uniaxial stress
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also changes the direct energy gap of the semiconductor. This gives rise to 
uncertainties whether the altered characteristics of the laser with uniaxial stress are 
due to the change in the biaxial strain (one of the effects of uniaxial stress is for 
example the splitting of the degeneracy of the top of the valence band due to 8ax which 
is beneficial to the performance of a laser) or the change in the operating wavelength 
(the other effect of uniaxial stress is the change in bandgap energy due to 8voi; this for 
example affects Auger recombination which is bandgap sensitive and is detrimental to 
the performance of a laser) (see Chapter 2, Paragraph 2.2.5 and Chapter 3, Paragraph 
3.5). More realistically, the change in performance with uniaxial stress will be 
composed of a complicated interplay between the strain and the wavelength 
dependent mechanisms. In other words, the effects of uniaxial stress are a blend of the 
effects proportional to 8voi (e.g. bandgap energy) and those proportional to 8ax (e.g. 
valence band or X/L-minimum splitting). Thus, it is desirable to change the strain 
with no change in wavelength within a single laser device.
Furthermore, previous work could never isolate the effect of strain and the effect of 
chemical composition variation, both of which contribute to the direct bandgap 
energy, because different materials were needed to achieve different amounts of 
strains. The effect of chemical composition on the bandgap energy can thereby 
outweigh the effect of strain and vice versa. In the absence of being able to grow a 
layer with a fixed composition on a range of different substrates, uniaxial stress and 
hydrostatic pressure must be applied simultaneously to a single layer in order to 
mimic the effects of varying biaxial strain at constant direct bandgap energy.
The objective of this Chapter is to present the design and address the usefulness of a 
novel high pressure cell, which allows, for the first time, the simultaneous application 
of hydrostatic pressure and uniaxial stress. It is beyond the scope of this thesis to 
provide a detailed description of the various stages of the design, construction, 
fabrication and testing of the pressure cell, in almost all of which the author of this 
thesis was involved. Such information can be found elsewhere [H0C91, KOT95, 
WID97, WID97a]. A preliminary result of a study of the effects of elastic strain alone 
on the performance of a visible GalnP/AlGalnP laser diode with an emission 
wavelength of 633nm at room temperature will also be discussed.
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7.2 Cell design
The general features of the cell are shown in Figure 7.2.1. See Appendix D for 
enlargements of the sample chamber and the plug.
Sample 
chamber with 
uniaxial stress 
device
High pressure 
gas inlet
Force
transmitting
rod
Hydraulic
piston
Displacement
rod
Plug with 
electrical 
feedthroughs 
and fibre 
optics
Bridgeman
unsupported
high
pressure
seals
Figure 7.2.1; High pressu re cell fo r  the sim ultaneous application o f  uniaxial stress and hydrostatic  
pressure.
The cell is designed for a maximum hydrostatic gas pressure of lOkbar. A home-built 
gas compressor capable of generating 14kbar of gas pressure generates the hydr ostatic 
pressure. Hydrostatic pressure is measured via a pressure transducer inside the
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compressor and can be adjusted in steps as small as 50bar. The compressor is 
described in more detail elsewhere [HOC91, WID97].
The dimensions of the assembled cell are 5.5 inches in diameter and 14.5 inches in 
length. The central part is the sample chamber containing a gas inlet for the 
hydrostatic pressure and a complex assembly consisting of a sample holder, electrical 
contacts for the laser and a device for the application of uniaxial stress. The sample 
holder is mounted on a plug with optical and electrical feedthroughs. A more detailed 
drawing and description of the plug can be found in Appendix D. Uniaxial stress is 
applied to the laser via two brilliant-cut diamonds acting as opposing anvils. A 
compression spring is placed between the force-transmitting rod and the upper 
diamond. The stress can be calculated using the displacement of the spring and the 
area of the laser being in contact with the diamond. The force-transmitting rod can be 
moved in steps as small as lOpm, which is measured by means of a calibrated 
micrometer attached to the force-transmitting rod outside of the cell. A displacement 
of 10pm conesponds to an applied force of typically 50mN depending on the spring 
constant of the chosen compression spring. Hydrostatic pressure and uniaxial stress 
aie therefore applied and measured completely independently from one another. 
Parallelism and concentricity of the two diamonds is assured independently by means 
of appropriate adjustment screws. This ensures that the uniaxial force is applied along 
a straight line through the centre of the diamonds and the laser sample. Two copper 
stripes on the diamond surfaces are used as laser contacts. The laser is carefully 
secured by pre-stressing the compression spring with four screws. This ensures that 
the laser stays in position until the assembly of the cell is completed. In addition, it 
prevents the sample from moving when hydrostatic pressure is applied and strongly 
compressed gas enters the high pressure chamber. Finally, a convex lens is used to 
collimate the laser beam and to couple it into an optical fibre from which it then is 
coupled into either a detector or spectrometer.
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7.3 Experimental Details
A typical sequence of laser threshold measurements is illustrated in Figure 7.3.1. 
Hydrostatic pressui'e is first used to decrease the emission wavelength from Xo to A,i. 
At a certain point A, with the hydrostatic pressure and the wavelength Xj, uniaxial 
stress, Ui, is applied and the wavelength fuilher decreases to a value of X2 . The 
wavelength Xi is regained at point B by partially releasing the hydrostatic pressure, 
and the laser diode chaiacteristics at point B aie compared to those at point A with no 
change in wavelength.
Î
Increase in uniaxial stress
Hydrostatic pressure
Figure 7.3.1: Schematic diagram  o f  the course o f  the experiment. Uniaxial stress is increased in 4  
steps ( U i ~  U4) an d  hydrostatic pressure subsequently is released  to regain the in itial wavelength Àj a t 
the s ta rt o f  the experiment.
The process can then be repeated to reach point C, D etc. Data points can be taken 
until the hydrostatic pressure is completely released. All the measurements were 
carried out at BOOK and time intervals of approximately 10 minutes were given 
between the measurements to equilibrate the temperature.
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The laser diode chosen for these measurements was grown by MOCVD and processed 
into a ridge-waveguide stincture. The GalnP-AlGalnP heterostmcture laser comprises 
of four Gao.6 iIno.39P 0.7% tensile-strained well regions with a well width of 80Â, 60Â 
wide (Alo.4Gao.6)o.5lno.5P baiiiers and 950À wide (Alo.4Gao.6)o.sIno.5P waveguide 
regions both lattice-matched to the GaAs substrate. The cladding material was 
(Alo.7Gao.3)o.5lno.5P (indirect -  [MEN95]). The laser was cleaved to a cavity length of 
500|Jim. At room temperature, the lasing wavelength was deteiirdned to be 633nm. 
Details of their growth and their electronic band structure are given elsewhere 
[MEN95].
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7.4 Results and Analysis
Firstly, a hydrostatic pressure of l.Olkbar was applied. This has the effect of 
increasing the bandgap energy at the F -point and results in a decrease of the 
wavelength from 632.7nm to 629,7nm (see Figure 7.4.1). This change conesponds to 
a direct bandgap pressure coefficient of 8.9meV/kbar, which is in good agreement 
with previously published values [MEN95].
Secondly, uniaxial stress was applied externally in a series of steps while readjusting 
the hydrostatic pressure in order to keep the operating wavelength constant (see 
Figure 7.4.1). The uniaxial stress was changed from 0.4kbar, the value initially 
applied when mounting the laser between the diamond anvils, to 0.94kbar. By that 
time, the hydrostatic pressure was released down to 0.4kbar.
Figure 7.4.1 shows the measured emission wavelength as a function of hydiostatic 
pressure at T=300K.
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Figure 7.4.1: M easured w avelength as a function o f  hydrostatic pressure.
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The black squares are points at which the laser threshold was measured. The black 
circles represent points at which the application of uniaxial stress was completed. The 
open circles are intermediate data points at which the wavelength was measured to 
ensure that it had regained its initial value after hydiostatic pressure was partially 
being released. The data points (black circles) are at slightly lower hydrostatic 
pressures than the data points prior to the application of uniaxial stress (black squares) 
due to the loss of pressure through the feedthroughs.
The effect of uniaxial stress on the threshold current, Iüi, is shown in Figure 7.4.2. As 
can be seen, Ith increases from 106mA to 123mA at T=300K over the range of applied 
uniaxial stress. An error of 1% in 1th has been assumed.
I
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115-
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Figure 7.4.2; Threshold  
current vs uniaxial stress  
m easured a t constant 
operating w avelength o f  a 
visib le G alnP /A lG alnP  
la ser d iode  a t T=300K.
To deteiinine the additional tensile sti'ain in the active region of the laser induced by 
the uniaxial stress, equation (C.22) in Appendix C is used together with the values for 
the elastic constants given in Table 7.4.1. The Gaxlni.xP in-plane lattice parameter of
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the active region, i.e. the lattice constant perpendicular to the growth direction, is 
matched to the substrate lattice constant and hence it is the deformation of the GaAs 
substrate which determines the additional tensile strain induced in the Gaxhii.xP layer. 
Therefore, it is the GaAs elastic constants, which determine the additionally 
incorporated strain. For completeness, the values for the lattice parameters are given 
and can be used to determine the amount of tensile strain built in to the quantum well 
region by the growth conditions [MAD91, PHI96]. The values for the Gaxlni.xP alloy 
are obtained by linear interpolation using the values for the GaP and InP system.
Parameter GaAs
(substrate)
InP AlP GaP Gao.6iIno.39P
(well)
Lattice constant [Â] 5.653 5.869 5.464 5.451 5.614
Young’s modulus 0.85 0.61 0.91 1.04 0.87
E [10" Pa]
Poisson’s ratio 0.312 0.363 0.323 0.311 0.331
Cl, [10" Pa] 1.19 1.02 1.32 1.44 1.28
ci2 [10" Pa] 0.54 0.58 0.63 0.65 0.60
Conduction band -8.06 -6.18 -5.54 -9.45 -8.18
hydiostatic deformation 
potential a^  [eV]
Valence band 1.16 1.27 3.15 1.7 1.53
hydrostatic deformation 
potential a^  [eV]
Axial deformation -1.53 -1.35 -1.6 -1.35 -1.35
potential b [eV]
El [eV] 2.667 2.723 4.87 3.467 3.177
Ez" [eV] 5.0 5.0 5.0 5.0 5.0
Eg [eV] 1.52 1.42 4.40 2.9 2.0
A[eV] 0.34 0.11 0.07 0.08 0.10
Table 7.4.1; Values used to determ ine tensile strain and energy changes o f  d irec t and  indirect band  
minima induced by com pressive uniaxial stress [W AL89, PH I96].
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To determine the additional induced in-plane strain, Young’s modulus and
Poisson’s ratio are assumed to be the same throughout the sample to a first 
approximation. Taking the GaAs value for the Young’s modulus and v = 1/3, 
can be found from equations (C.20) and (C.22) in Appendix C (Note: Hydrostatic 
pressure, p, and uniaxial stress, cTu aie to be taken negative). The hydiostatic pressure 
varied from l.Olkbar to 0.4kbai' (Figure 7.4.1) and the uniaxial stress changed from 
0.4kbar to 0.94kbai*. This yields a range of values for from -0.024% to 0.021%. 
This means that the as-grown in-plane strain of the laser (0.7% tensile strain; the 
convention of strained layers under tension to be referred as negatively strained (that 
is because of 8ax<0) has been neglected) was initially reduced by -0.024%, i.e. p 
partially compensated for the in-plane tensile strain, and increased by 0.021% at the 
end of the experiment, i.e. cTu increased the in-plane tensile strain. Hence, the total 
vaiiation of the in-plane tension brought about by the interplay of p and is 0.045%.
This additional tensile strain causes the bandgap at the F-point to increase due to the 
hydrostatic component of the uniaxial strain, Svoi. Firstly, the average valence band 
energy, Ev,av, at the F-point shifts to lower energies and is given by equation (3.38) in 
Chapter 3. Secondly, the conduction band edge shifts to higher energies (equation 
(3.43) in Chapter 3) so that there is a net increase of the average bandgap energy. 
Thirdly, the valence band splits due to the axial component of the uniaxial stress, 8gx, 
and this reduces the effect of the Ey,av energy shift (equation (3.41) in Chapter 3). 
Uniaxial stress, au, has several effects, since there aie terms proportional to Cu in both 
8ax and 8voi via Poisson’s ratio (equation (C.8) in Appendix C). 8voi leads to a bandgap 
increase and 8a% leads to a valence band splitting, and also X-conduction band 
splitting. The L-minimum ([111] direction) is not split by uniaxial stress along [001]. 
Therefore, only the X-minimum is considered in this analysis. Because the bandgap is 
normally measured from the highest valence band and not from the average valence 
band, 8&x has an additional effect on the bandgap energy via the valence band splitting. 
In this experiment, the effect of the splittings alone is of interest, therefore, as Bax is 
varied with au, the bandgap is maintained constant by adjusting Byoi via the hydrostatic 
pressure. Note: Hydrostatic pressure only affects Byoi, and not 8ax so long as the elastic 
constants vaiy only slightly from material to material.
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Equations (3.38) -  (3.48) in Chapter 3 and equation (C.22) in Appendix C are used to 
calculate the relative energy shifts of the E-conduction band edge (ôEc) and the X- 
conduction band minimum along [001] direction (ÔEx^ ).
The top of the valence band is light along the strain axis due to the built-in in-plane 
tension (see Figure 3.5.3 in Chapter 3). The total energy shift of the light-hole valence 
band due to gyoi and 8ax is given by;
+be„ = +)^SE„i
V
Equation 7.1 assumes that the spin-orbit splitting is large compared to ôEooi (in GaAs 
for 0.7% biaxial tension: A/ôEqoi = 0.16), the energy shift due to 8ax, and Poisson’s 
ratio to be 1/3. It also assumes that Vsubs ~ Viayer and Esubs ~ Eiayer.
Similarly, the energy shift of the E-conduction band edge is given by:
SEl = ^ ( 3 p  + <r„ + 3 £ e“ '-'") (7.2)
Thus, the total bandgap energy shift at the E-point equals:
. ^ 3 )
The bandgap (wavelength) in this experiment is maintained constant by adjusting 8yoi 
via the hydrostatic pressure as Qu is varied. Therefore, the first total derivative of ôEg  ^
with respect to Ou equals zero:
, 3 :P -  + 1 dcr„ 3E I 3(J, 7
(V.4)
3 ^  + 1dcr.. (73)V
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Note: d£s
built-in
d(7.. 0 (The built-in strain is a constant).
The energy shift of the minimum due to 8voi and 8ax is given by:
_  „built-in
V ^ y
(%6)
The energy shift of the F-conduction band edge was shown in equation (7,2). To 
determine the rate, at which the F-conduction band edge and the X^-minimum 
approach one another as a function of cTu» one has to subtract equation (7.2) from 
equation (7.6) and differentiate the result with respect to Ou. This is given by:
d{SEl-SE]) Æ.-g, 
da.. 3E 3 ^  + 1oa.. 9E CAT)
Substituting equation (7.5) into (7.7) yields:
d { S E l - S E l )  E , - a .  
da.. 3E
4b
+  ■
SE^
9E (73)
Using the Gao.6 iIno.39P (well) values for b, ac, ay, E, E%, and E%^ given in Table 7.4.1, 
the total rate of change of the F-conduction band edge energy, Ep, and the X^ 
minimum energy, Ex^ , equals 5.7 meV/lcbar, i.e. the two conduction band minima 
approach one another at the a rate of 5.7 meV/kbar. There is uncertainty concerning 
the accuracy and precision of the values of the deformation potentials of both the 
conduction and valence band, as pointed out in [WAL89, WEI99]. The accuracy 
within which E2  ^is determined in particulai’ is mostlikely less than 15% which means 
that if only Ez’^ is varied by 15% in equation (7.8), the total rate then changes to 6.3 
meV/kbar. From this, the total rate of 5.7 meV/kbar is only determined within 10% 
accuracy (±0.6 meV/kbai*) in the best case.
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Figure 7.4.3 shows a plot of In(Ith) as a function of au/lcT, the uniaxial stress divided 
by kT for T=300K. A least squaies fit of the experimental data points is also shown 
which allows to determine the rate at which Ith increases with increasing uniaxial 
stress. To a first approximation, the linear fit lies within one standard deviation of the 
values of Itii which means it is reasonable to assume that In(Itii) increases linearly with 
CTu/kT.
4.84
4 .82 - T=300K
4.80-
4 .7 8 -
slope = r = 6.4 meV/kbar4 .76 -  
Ê  4 .74 -  
c ?  4 .72 -  
4 .70 -
4 .68 - —■— Experiment
4 .66 -
4.64
0.015 0.020 0.025 0.030 0.035 0.040
crykT [kbar/meV]
Figure 7.4.3: P lo t o f  ln(I,h) as a function o f  (T,/kT a t T=300K . The rate a t which fi, increases with  
increasing uniaxial stress is determ ined from  a least squares fit.
Figure 7.4.3 shows that % increases exponentially with uniaxial stress suggesting that 
Ith as a function of ctu can be written in the form:
r\cr,\/kT) (7.9)
with
r: Rate of change of Ith with uniaxial stress over kT (= 6.4 meV/kbar) 
Ou: Uniaxial stress in kbai'
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The rate of change of Itu found from Figure 7.4.3 is similar" to the total rate of change 
of (ôEx  ^-  ôE /)  found earlier. Thus, there is strong evidence that the increase of 
with increasing uniaxial stress is related to the fact that the T- and X^-minimum 
approach one another with increasing uniaxial stress.
A systematic study of the effects of biaxial strain on GalnP/AlGalnP/GaAs QW lasers 
operating at 633nm has been undertaken by Valster et al [VAL92]. The structures 
contained two quantum wells of Gaxlni.xP with x varying between 0.65 (-1% tension) 
and 0.38 (+1% compression). In order to keep the wavelength the same for all devices 
it was necessary to vary the well width from about 100Â (-1% tension) to 26Â (+1% 
compression), thus compensating the change in alloy composition with a change in 
the quantum confinement energy. The observed variation of the threshold cutTent at 
300K for 300p,m long lasers with stripes of 7p,m wide are shown in Figure 7.4.4.
- 1.2 •0,8 '0.4 0.0 0.4 0.8Strain (%)
Figure 7.4.4; P lo t o f  the threshold  
current versus b iaxial built-in strain  
for G aJnj.xP lasers w ith  an emission  
wavelength o f633nm . The strain  w as 
achieved by varying the a lloy  
com position (G a increases tension; 
In increases com pression).
Valster et al found that in both directions of the strain, the threshold current goes 
through a minimum near* 0.5% strain (tensile and compressive) and beyond this 
begins to increase. The cause for the increase at high strain is believed to be different 
for the two different strain configurations.
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The bandgap decreases considerably as the compressive strain (In content) is 
increased. Note: Under biaxial compression, the bandgap energy is expected to 
increase due to 8voi<0. This effect is overcompensated by the incorporation of In. As 
the In (larger lattice constant than Ga) content is increased, the biaxial compression 
increases due to the larger lattice-mismatch of the higher In-content alloy. At the same 
time, the bandgap decreases with increasing In-content and vice versa for increasing 
Ga-content, the bandgap increases as the biaxial tension increases.
To keep the wavelength constant in that experiment, the decrease of the bandgap 
energy with biaxial compression was compensated by a decrease in the well width 
and hence an increase in the electronic confinement energy. Unfortunately, this also 
resulted in a similarly lai’ge decrease in the optical confinement factor. The resulting 
loss of gain was not matched at lai'ge strain by improvements in the intrinsic gain, 
since the splitting between the heavy-hole and light-hole band edges saturates at about 
60meV for compressive strain in these materials due to the small spin-orbit splitting. 
This gain saturation is believed to account for the increase of the threshold cunent in 
visible lasers with large compressive strains [REI94].
On the tensile strain side, the threshold cuiTent only increases fractionally at larger 
strains. This is believed to be due to the thermal excitation of electrons to the X^- 
minimum within the well, since the X minimum is strongly influenced by the 
presence of the strain [REI94].
Note: The sudden decrease of the threshold current at moderate values of both tensile 
and compressive strain is believed to be due to the fact that there is a close similaiity 
between the radiative cuiTent density required to reach a certain peak gain and the 
measured threshold cunent values [REI94].
The predicted variation of the F- and X-minima band edges for Gaxlni.xP grown on 
(001) GaAs is shown in Figure 7.4.5 as a function of composition/strain.
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Figure 7.4,5: C alculated variation o f  the absolute energies (with respect to the vacuum level) o f  the P- 
and X-conduction hand edge energies fo r  GaJhii.xP layers grow n on GaAs, The horizontal do tted  line 
indicates fo r  com parison the calculated  position  o f  the conduction band minimum in 
{ALo.4Gao.6)o.5bio.sP, the typical quantum confining barrier layer used in this m ateria l system  [REI94],
There is a strong splitting of the X-minimum by the biaxial strain, so that in the 
tensile material the X^-minimum approaches the F-minimum. It is therefore believed 
that the increase in lui (Figure 7.4.4) observed at large tensile strain is due to the 
thermal excitation of electrons to the X  ^-minimum within the well [REI94].
However, in the experiment described here the circumstances are different. Firstly, the 
laser device has a 0.7% built-in tension, which means that it is very near to the 
optimum threshold value according to Figure 7.4.4. The built-in strain, is
varied by the externally applied uniaxial stress, Qu, from a net value of 6.976% to 
7.021% (the additionally induced in-plane biaxial strain, ranged from -0.024% 
to +0.021%). This relatively small variation of the in-plane biaxial strain is not 
expected to change the threshold curTent drastically according to Figure 7.4.4. 
Secondly, the energy shifts of the conduction and valence band edges are solely due 
to 8voi and 8ax. They are not brought about, as in the experiment by Valster et at, by a
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complicated inteiplay between which depends on the chemical composition of
the alloy of interest and the effect of the chemical composition on the bandgap energy 
which in return was compensated by the alteration of the quantum well confinement 
energy.
However, now the cladding region itself is also subject to the externally applied 
uniaxial stress. This splits the X-minima in the cladding region so that the X  ^ - 
minimum moves down and the X^- and X^-minima move up in energy with respect to 
the average X-conduction band energy. Even large built-in in-plane tensile strains 
(0.7%-1.0%) seem not to have a significant effect on Ith according to Figure 7.4.4. The 
relatively large increase of Im with increasing uniaxial stress by as much as 20% as 
measured in this experiment suggests that it is not thermal leakage of electrons from 
the F- into the X  ^ -conduction band minimum within the well. It is reasonable to 
assume that now, the electrons escape out of the well region into the X  ^-minimum in 
the cladding. The X  ^ -conduction band minimum in the cladding region is already 
energetically below the F-conduction band minimum, as was shown by Meney et al 
[MEN95, PHI96]. Therefore, it is likely that the measured rate of approximately 6.4 
meV/kbar equals the rate at which the barrier to prevent thermal leakage of electrons 
from the well into the cladding region decreases with increasing externally applied 
uniaxial stress. This value was found from Figure 7.4.3.
To calculate the total rate at which the F- (in the well) and the X^-band edge (in the |
cladding) approach one another with increasing uniaxial stress requires the knowledge j
of Young’s modulus and the deformation potentials in the quaternary 
(Alo.7Gao.3)o.5lno.5P material system. Unfortunately, very little is known about 
quaternary systems in general and no relevant information could be found for the 
(Alo.7Gao.3)o.5lno.5P system in paiticular. However, an approximate value of the 
deformation potentials and Young’s modulus is obtained by the following 
approximation. The properties of the (Alo.7Gao.3)o.5lno.5P system (=(Alo.35Gao.i5)Ino.sP) 
can be approximately described by two temaiies, namely the Gao.5Ino.5P and the 
Alo.5Ino.5P system. The ratio of the A1 content to the Ga content in (Alo.35Gao.i5)Ino.5P 
is 70:30. Hence, a good approximation for the (Alo.35Gao.i5)Ino.5P system may be 
found from the following expression:
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Table 7.4.2 shows the approximated values for the Young’s modulus and the 
deformation potentials for (Alo.35Gao.i5)Ino.5P using equation (7.10).
Parameter Alo.5Ino.5P Gao.5Ino.5P Alo.3 5Gao.15lno.5P 
(cladding region)
E [10^  ^Pa] 0.76 0.83 0.78
ac [eV] -5.86 -T82 -6.45
av [eV] 2.21 1.49 1.99
B [eV] -1.48 -1.35 -1.44
El [eV] 3.80 3.10 3.59
El" [eV] 5.0 5.0 5.0
Table 7.4.2; A g o o d  estim ate fo r  the values o f  ternaries and quaternaries is obtained by linear 
interpolation (equation (7.10)) o f  the values o f  the corresponding binaries.
An expression for the rate, at which the F-conduction band edge in the well and the 
X^-minimum in the cladding approach one another as a function of Ou can be 
obtained, following the same derivation as described earlier. (Note: There is no built- 
in strain in the cladding region and has therefore been omitted in equation
(7.6).) The rate is given by:
d{SEl-SEl)
da..
4b
3E"' 3 E \ a - a + (7.11)
where the superscript “cl” indicates the cladding region. Using the values given in 
Table 7.4.2 for the cladding and Table 7.4.1 for the well region, a rate of (7.8 ± 0.9) 
meV/kbar is obtained. The eiTor assumes an uncertainty of 15% in 
Therefore, there is strong evidence that it is mostlikely the splitting of the X-minimum 
in the cladding rather than in the well by the externally applied uniaxial stress which 
decreases the electron barrier from the well to the cladding region and accounts for 
the increase of Ith with increasing uniaxial stress.
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This is in good agreement with previous experiments where the parameters 
controlling the threshold cunent in lasers grown from this material system have been 
studied in some detail [MEN95]. Ith in devices operating close to 633nm was found to 
increase both as a function of increasing hydrostatic pressure and increasing 
temperature. This was satisfactorily explained in terms of thermal activation of 
electrons from the active and optical confinement regions into the -conduction 
band minimum of the p-type AlGalnP cladding region followed by diffusion and 
recombination [MEN95].
Any friction between the diamond anvils and the laser sample is expected to increase 
8voi and to reduce 8ax (see also 7.5 Summary). This would increase the rate of change 
of the F-minimum (moves up) and average X-minimum (moves down) energy with 
increasing uniaxial stress (due to 8voi). It would also reduce the energy splitting of the 
X-minima (due to 8a%). At high uniaxial strain (low hydrostatic pressure), equations 
(3.45), (3.46) in Chapter 3 and (C.23) in Appendix C show that the rate of change of 
the energy shift of the average X-minimum is lower than the rate of change of the 
energy splitting of the X-minima. The reduced rate of change of the splitting of the X- 
minima due to the reduced 8ax in the case of friction between the sample and the 
diamonds counteracts the total rate at which the F-conduction band minimum and the 
X^-minimum approach one another. The total rate is nominally reduced despite the 
increased rate of change of the average X-minimum energy. Therefore, it is not 
suiprising that the calculated rate of (7.8 ± 0.9) meV/kbar (no friction included) is 
slightly higher than the measured rate of 6.4 meV/kbai\
The drastic assumptions made in the analysis above (Vsubs ~ Viayer and Egubs ~ E^ yer) 
may not be appropriate. An accurate calculation assuming Vsubs ^  Viayer and Esubs ^ 
Eiayer and including the effects of the uniaxial stress and the hydrostatic pressure on 
g^ buiit-m yigjjjg a value for the rate of (6.6 ± 0.4) meV/kbar, again in good agreement 
with the measured result.
Finally, it is worthwhile to mention that the measurements were completely reversible 
as long as no damage to the laser had occuixed.
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7.5 Summary
For the first time, a device for the simultaneous application of hydrostatic pressure 
and uniaxial stress has been demonstrated. The design and general features of a novel 
high pressure cell have been presented. The sample holder, the method of applying 
uniaxial stress to the sample as well as the optics that allow laser light to be brought 
out of the cell have been discussed briefly.
The threshold cunent behaviour of a GalnP/AlGalnP multiple quantum well (MQW) 
heterostructure laser with an operating wavelength of 633nm at atmospheric pressure 
was investigated as a function of uniaxial stress while the emission wavelength was 
kept constant. The threshold current increases with increasing uniaxial stress which is 
explained in terms of thermal activation of electrons from the active region into the 
X^-conduction band minimum of the p-type AlGalnP cladding region followed by 
diffusion and recombination. The rate at which the threshold cuiTent increases 
corresponds with the rate at which the F- (in the well) and the X^-conduction band 
minimum (in the cladding) approach one another. Such an increase of Ith could not be 
explained in terms of thermal activation of electrons into the X^-conduction band 
minimum within the well in accordance with previously published results using the 
same samples.
Despite the successful test of the system shown by the results of a preliminary 
measurement, there are difficulties arising from friction between the diamond anvils 
and the sample, which tends to increase the hydiostatic component, decrease the axial 
component and might even introduce shear components of the uniaxial stress, as 
illustrated in Figure 7.5,1.
Figure 7.5.1; F riction betw een the diam ond  
anvils and the sam ple increases the hydrostatic  
com ponent o f  the uniaxial stress.
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The friction prevents the sample from expanding laterally as it would without. Hence, 
the decrease of the sample volume is larger than expected. One way around this 
problem is to use buffer layers between the anvils and the sample in order to minimise 
this effect. Therefore, true uniaxial measurements are difficult and require extreme 
care and preparation.
One major problem during the early stages of the development of the cell was the 
quest for appropriate seals for the moving piston (force transmitting rod). Dynamic 
parts are in general more difficult to seal than static parts which becomes even more 
of a problem when Helium gas is used as a pressure medium. Finally, an anangement 
of O-rings, leather, brass, lead, and teflon seals of different shapes was used whereas 
almost every possible permutation was tested.
The most important criteria for uniaxial stress measurements are reversibility and 
reproducibility. If reversibility is not achieved ineparable damages to the laser had 
occurred. Such measurements lose significance because it is difficult to trace back 
where and when the defect had occurred. A deviation between the last and the first 
data point providing the uniaxial stress and hydiostatic pressure have come back to 
their initial value could be due to a drift of the temperature since the pressures are 
sufficiently high to cause a change of the temperature. Reversible defects of the 
crystal may account for the fact that measurements of the laser characteristics yield 
different values depending on whether the last data point was taken immediately after 
the uniaxial stress experiment or the day after albeit the conditions were the same.
The measurement presented here illustrates nicely the usefulness of the experimental 
technique. Such combined measurements could be useful to answer interesting 
questions in a laige vaiiety of different research fields, e.g. high Tc superconductors.
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Conclusions & Future Work
8.1 Conclusions
8.2 Future Work
8.1 Conclusions
The work described in this thesis has investigated the effects of bandstructure 
modifications, brought about by Landau confinement, hydrostatic pressure and 
uniaxial stress, applied either separately or simultaneously, on recombination 
processes in naiTOW gap materials and laser diodes. Some of the infoimation gained 
from these experiments is going to be used for the future design of a conventional 
interband (type-I) laser diode for the mid-IR spectral region.
The effects of Landau confinement on the characteristics of bulk and MQW InSb- 
based laser diodes operating at a wavelength of 5.1pm and 3.7pm, respectively at 77K 
were studied. The change in performance due to the magnetic field applied along both 
the cavity and the growth direction and thereby simulating quasi-quantum wire and 
quasi-quantum dot structures clearly demonstrated the benefits gained by the reduced 
dimensionality. These benefits included reduced threshold currents, lowered 
temperature sensitivities and enhanced differential efficiencies. The most striking 
result was obtained when the light output of the laser was measured with varying
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magnetic field at a fixed current level above the threshold condition. Peaks in the light 
output were measured and were interpreted in terms of LO-phonon resonances, which 
are strongly enhanced at the field positions where the Landau level separation equals 
the LO-phonon energy. Between the resonances, the light output is suppressed due to 
the effects of the LO-phonon bottleneck. This was the first time that the detrimental 
effects of a phonon bottleneck were directly observed in an interband laser device. 
Finally, the size of an ideal wire, corresponding to the Landau confinement, which 
gave the greatest improvements, was estimated to be 370Â in InSb at 77K.
A direct, high power, interband excite-probe technique was used to study the 
interband recombination dynamics in Ini.xGaxSb and PbSe over a range of excited 
carrier densities and temperatures from 300K down to 3OK. Detailed analysis of the 
results found that the Auger-1 mechanism is reduced in Ini.xGaxSb as a function of 
Ga-fraction (increasing bandgap energy). The Auger coefficient was found to be 
reduced from 1.22x10“^  ^ cm^s'  ^ in InSb to 1.03x10*^  ^ cm*^ s'^  in hio.gGao.2Sb, in good 
agreement with theoretical predictions based on the “flat valence band” model. The 
fact that the Auger coefficient reduces, as a function of bandgap, is important for 
strained layer quantum well device applications. In PbSe, the Auger-1 rate was 
observed to dominate over SRH and radiative recombination processes at low excited 
carrier concentrations in spite of near-mirror bands. It was found to be approximately 
constant between 300K and 70K (C = 8x10'^^ cm^ 's"^ ), and was seen to drop to a value 
of C = IxlO'^^ cm^s'  ^ in the low temperature regime (30K), in good agreement with 
the theory of non-parabolic near-muTor bands and non-degenerate statistics. 
Stimulated emission was seen to be the most efficient recombination mechanism for 
carrier densities above the threshold condition at low temperatures. The Auger 
coefficient in PbSe was found to be one to two orders of magnitude lower than for 
materials with a Kane band structure (Hgi.xCdxTe) with compar able bandgap.
An experimental technique was developed which allows measurements of electronic 
and optoelectronic materials and devices at high hydrostatic pressures (pm ax=10kbar), 
high magnetic fields (Bm ax=14T) and low temperatures (Tmin=77K). The experimental 
technique essentially comprises of a gas high pressure generating compressor, a gas 
high pressure cell, a specifically designed liquid nitrogen cryostat and a
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superconducting magnet. Hydrostatic gas pressures were applied to a 1.5pm laser 
diode at different temperatures proving the feasibility of such experiments and 
revealing the effects of pressure on the band structure and hence the laser 
characteristics. The threshold curTent values measured at 300K agreed extremely well 
with data obtained previously using a liquid pressure system. No satisfactory 
explanation has yet been found to interpret the measured threshold current values 
obtained at 80K. For the first time an increase of the threshold current was observed 
repeatedly as a function of hydrostatic pressure in a 1.5pm laser diode. Unfortunately, 
a more comprehensive study of this phenomenon has not yet been possible due the 
failure of individual system components after several pressure cycles. The time period 
needed for the repair of these system components exceeded the time limit for this 
thesis.
The unique design of a novel gas high pressure cell allowed, for the first time, a 
visible laser diode to be measured under the simultaneous application of hydrostatic 
pressure and uniaxial stress. Since this experiment was the first one of its kind, no 
commonly known routine could be applied. The change in performance of the laser 
diode was satisfactorily explained in terms of carrier leakage from the active region 
into the X-minimum in the cladding region. The results provide strong evidence and 
add weight to previously made assumptions that this process is one of the major loss 
mechanisms in visible laser diodes.
8.2 Future Work
In the future, emphasis has to be put on a more detailed study of the phonon- 
bottleneck effect especially in low dimensional quantum structures where this effect is 
expected to be much more pronounced due to the near-delta function-like DOS 
distribution. For the simulation of quantum dots by the use of Landau confinement, 
quantum well-like samples are needed rather than samples featuring a very complex 
bandstructure due to superlattice effects. This will make the interpretation easier and a 
comparison more transparent. Further work needs to be done to determine whether a 
change in polarisation is observed when a magnetic field is applied along the cavity 
direction of a bulk laser. This will help to study the change in symmetry of the
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uppermost valence band states in order to confirm the assumption, that the valence 
band edge is made up predominantly of states which are light along the field direction 
and therefore recombination into such states will suppress recombination both into TE 
and TM modes. This may also help to understand why the laser repeatedly switched 
off at 8 T.
To achieve room temperature operation in these mid-IR interband laser diodes, a 
study including the optimisation of the waveguide region (can sufficient optical 
confinement be achieved without the need of high doping levels in the cladding 
region?), tailoring the number of wells in order to maximise gain and minimise losses, 
the use of proper heat sinking, the use of novel materials such as InGaSb and the 
incorporation of sufficient strain in order to suppress Auger recombination will be 
absolutely vital. The use of the “flat valence band” model will ease the modeling of 
novel materials to be used in the future.
The experimental technique, presented in Chapter 6 , has shown great potential but has 
also demonstrated to be prone to failures. The use of the high pressure system as such 
is not limited to a certain category of samples but if future experiments aie to succeed, 
three mles must be obeyed. Firstly, high pressure studies in general can only be 
efficiently undertaken if adequate support is provided both in terms of sufficient 
spare-paits being available and an efficiently operating in-house machine shop. 
Secondly, the system configuration should provide sufficient flexibility in terms of 
dimensions, optical access, time periods during which experiments can be carried out 
and the replacement of entire system units such as feedthroughs, faulty seals, valves 
etc. Thirdly, to locate and to repair leaks, and leaks aie nothing unusual in high 
pressure experiments, requires the ability to gradually seal off pressurised system 
components in order to diminish the number of possible and mostlikely areas where 
the leak had occuned. The steps necessary to locate and to repair the leaks should, on 
no account, interfere with safety guidelines and put the experimenter under risk. 
Further work needs to be done and much more experience needs to be gained in order 
to fulfill these three criteria. This becomes even more important and crucial when 
high pressure experiments are to be carried out at low temperatures and high magnetic 
fields.
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Despite the successful test of the novel pressure cell, described in Chapter 7, and the 
results obtained from a preliminary measurement, there are difficulties arising from 
friction between the diamond anvils and the sample which tends to increase the 
hydrostatic component, decrease the axial component and might even introduce sheai* 
components of the uniaxial stress. The friction prevents the sample from expanding 
laterally as it would without. Hence, the decrease of the sample volume is larger than 
expected. Further work is required to investigate the possibility of circumventing this 
problem by using buffer layers between the anvils and the sample in order to 
minimise this effect.
To conclude this thesis, an amusing and yet appropriate quotation was found in 
Goethe’s “Italienische Reise” which says:
"It is time to cali it a day when you have done 
as much as time and circumstances wouid aiiow."
(Extract from Goethe’s “Italienische Reise”; translated into English by R.T. Kotitschke)
Appendix A Hamiltonian Matrices 199
Appendix A: Hamiltonian Matrices
The Hamiltonian matiices shown on the following pages have been constructed using 
the theory outlined in Chapter 3. The two decoupled 4x4 matrices in Table A3 are 
used to calculate the Landau level spectrum of the conduction band in InSb using the 
modified Luttinger parameters yi, Y2 and 7 3  defined as:
r i = ri 6E.
- k
k  = k '‘
r ' = r, + (rj -  r, )[(3cos’' e  - 1)/ i f  
r '  = % r , + ) 4 r 2 + / i i r 2 - r ^  )[(3cos' 0 - 1)/ 2]'
where Ep=2moP^/ti^ is the Kane energy term, Eg the bandgap energy, 6  is the angle 
between the B-field and the z-axis. The F term used in the matrices gives the effect of 
higher order conduction bands on the Fg band, and is normally neglected.
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Table A l; Bulk Ham iltonian fo r  [0 0 1 ] orientation. Atomic units have been used fo r  clarity, see 
A ppendix B.
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Table A2: Bulk Ham iltonian including the effects o f  an external m agnetic f ie ld  f o r  [0 0 1 ] orientation. 
A tom ic units have been used fo r  clarity, see Appendix B.
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Table A3: Bulk 4x4 H am iltonian m atrices fo r  a- and b-set including the effects o f  dn external magnetic  
f ie ld  fo r  [001 ]  orientation. A tom ic units have been used fo r  clarity, see A ppendix  B.
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Appendix B; Atomic Units & Semiconductor Parameters
The Hamiltonians in Chapter 3 and Appendix B are expressed in terms of atomic units 
to improve clarity, with the fundamental constants h, e, Ko and mo set equal to unity. 
The terms therefore contain only the vaiiables such as the bandgap energy and the 
magnetic field, and are free from any other physical constants. The relation between 
SI units and atomic units is given in Table Bl.
Quantity Symbol Atomic Units SI Units
Energy
Length
Magnetic Field 
Time
Speed of Light
Hartree [H]
Bohr Radius [ao] 
Atomic Tesla [aT] 
Atomic Second [as] 
c
1
1
1
I
1/a =137
27.2112 eV 
0.529177 Â 
2.35053 X 10^  T 
2.41889 X  lO "  s 
2.997925 x 10® ms '
Table B l; D erived  atom ic units [from  R. M cW eeney, Nature, 1973, 243, 196].
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Material pai*ameters for InSb, GaSb and AlSb used for the laser diodes described in 
Chapter 4.
Material Eg bowing parameter Ao bowing parameter
InGaSb 0 .4 2 0 .1
InAlSb 0 .5 0 .0
Quantity InSb GaSb AlSb
a [A] 6 .4 7 9 3 7 6 .0 9 5 9 3 6 .1 3 5 5
Ep [eV] 2 3 .4 ? ?
E g (3 0 0 K ) [eV] 0 .1 7 0 .7 5 2 .3
Eg(OK) [eV] 0 .2 3 7 5 0 .8 1 1 2 .3 8 3 7
Ao [eV] 0 .8 2 3 0 .7 6 0 .6 7 3
Yi 3 6 .4 ? ?
Y2 1 6 .0 ? ?
Y3 1 7 .0 ? ?
K 1 5 .2 ? ?
Ev,av [eV] -6 .0 9 -6 .2 5 -6 .6 6
Cii [10'^  dyn cm'^] 0 .6 6 9 0 .8 8 3 4 0 .8 7 6 9
Ci2 [10^^ dyn cm'^] 0 .3 6 4 5 0 .4 0 2 3 0 .4 3 4 1
av [eV] 0 .3 6 0 .7 9 1 .3 8
ac [eV] -6 .1 7 -6 .8 5 -6 .9 7
b[eV] -2 .1 -2 .0 -1 .4
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Appendix C: Strain Calculations
Some of the formulas derived in this Appendix are used in Chapter 7 and it represents 
a complement of Paragraph 3.5 in Chapter 3.
For a given strain the stress can be calculated using Hooke's law:
i^j (C.l)
with: Oij stress vector; Cy^ elasticity tensor; 8ki strain vector.
Voigt notation leads to the following simplification in the case of cubic symmetry:
^12 C12 0 0 0  ■
^ y y ^12 ^11 C12 0 0 0 s .
^12 ^12 C ll 0 0 0
^ y z 0 0 0 C44 0 0 S'Z
0 0 0 0 C44 0 .^vz
0 0 0 0 0 C4 4 .
(C.2)
For zinc-blende structure or an isotropic material:
■11
■12
C44  = - ^ + ( C i i - 2 C i 2 )  c, (C.3)
The elastic stiffness constants are related to Young's modulus, E, Poisson's ratio, v, 
and the shear modulus, G, as follows:
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(l-v)g ^ _ (cii+2ciJ(cii-c,J
(l-2v)(l+v)
VE
(l-2v)(l + v)Cn = v  =  - (C.4)
C44 = 2 G G —~ c 44
Equation (C.2) is invariant to any changes of coordinates in the case of isotropic 
materials, but differs in the case of anisotropic materials (transformation can be quite 
difficult). In III-V semiconductors cn > C12 > 0 which leads to E > 0 and 0.5 > v > 0.
Four different situations will be investigated in terms of how stress and strain are 
related in the case of
(A) uniaxial stress along z-direction
(B) pseudomorphically grown strained layer
(C) hydiostatic pressure
(D) uniaxial stress plus hydrostatic pressure on strained layer
(A) Uniaxial stress along z-direction
A Gu (compressive force: a» = -|Gu|)
Uniaxial stress
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Uniaxial stress in terms of Hooke's law:
 ^ 0 " ■^11 1^2 C%2 0 0 0 ■
0 1^2 Cn Ci2 0 0 0
1^2 Cl2 Cn 0 0 0
0 0 0 0 C44 0 0 0
0 0 0 0 0 C44 0 0
0 0 0 0 0 C44_ 0V y
=^||
z^z ~ (no shear strain)
(C.5)
Solving matrix equation (C.5) yields:
-(Ci2 +Cii)&,e, -
12
2^ 12 1^12 (C.6)
Using expressions given in (C.4):
£ii — VS\ ; (C.7)
It is useful for band structure calculations to define an axial and a volumetric strain:
e » = f ix - e | |= ( l  + v ) ^
Example:
(i) Compressive force ( Gu<0 ) = —  |cr„ | < 0 volume decrease
(ii) Tensile force (Ou>0 ) e .^, = —  (J > 0  volume increasevui O 17’ * I
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(B) Strained layer (in-built)
z
( 0 .1 1^2 1^2 0 0 0 ■
O'., 1^2 1^1 ^^12 0 0 0
0 1^2 1^2 1^1 0 0 0 e .
0 0 0 0 C4 4 0 0 0
0 0 0 0 0 0 4 4 0 0
0 0 0 0 0 4^4 _r j
-  y^y -  1^1
x^y = fvz = 0
(C.9)
Solving matrix equation (C.9);
S j - 2Ci2f||
'11
Cii(Cii +C i2 ) - 2 C i2
Using expressions given in (C.4):
(C.IO)
1 “  V — 2v  . „ 1 /  \
1^1  ^ “ “ 1^1 ^
'vo l l - v  
v + 1 ^
Example:
(C .ll)
(C.12)
(i) biaxial tension (E|| > 0 )
(ii) biaxial compression (Ey < 0)
> 0  volume increase
v^oi < 0  volume decrease
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(C) Hydrostatic Pressure
"^11 Cl2 ^12 0 0 0  ■
(^0 ^11 Cl2 0 0 0 ^yy
(^0 ^12 ^12 ^11 0 0 0
0 0 0 0 ^44 0 0 0
0 0 0 0 0 C44 0 0
0V V 0 0 0 0 0 ^44 _ 0V J
x^v -  y^y ~^zz -^0 (C.13)
Solving matrix equation (C.13) and using expressions given in (C.4): 
( l - 2 v ) (C.14)
(C.15)
Example:
Hydrostatic pressure: p = a^ = -Icrgl Sw < 0 volume decrease
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(D) Uniaxial stress + Hydrostatic pressure on Strained layer
^0 + o-„ + p '^ "Cll Cl2 1^2 0 0 0  “
0 + + P 1^2 1^1 (:i2 0 0 0
cr„ + 0  + p 1^2 1^1 0 0 0
0 0 0 0 C44 0 0 0
0 0 0 0 0 <^44 0 0
0V J 0 0 0 0 0 4^4 _ 0V J
^xx -  ^yy -  C|| (C.16)
Solving matrix equation (C.16) and using expressions given in (C.4):
e, 2v) + <T„ (l -  v )  -  (T„ v]
fix = ^  [/>(l -  2 v ) -  2v<t„ +  O',, ]
(C.17)
(C.18)
'vol ^ - ^ ( 3 p  + 2cr„+aJE
-O '.,) (C.19)
Note:
8 ax is independent of p to first order. However, Ost is a function of p and Ou if
^subs ^  ^layer Or ^  Eiayer*
Ost may be found by noting that the in-plane lattice constants of the substrate and the 
layer are equal, and hence
f la y e r  _  ^subs _j_ ^built-in (C.20)
where is the built-in in-plane strain under zero external stress, and is the
in-plane strain of the substrate due to the external stress.
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If Vsubs ~ Viayer and Esubs ~ Eiayer? then
(C.21)
Thus:
f 2 v )  -cr„v]+
'vol
„ + 1 + ^  b^uilt-in (C.22)
In the case of v « 1/3, equation (C.22) reduces to:
flayer
" E
1 1 + gibuilt-in
= ^ ( 3 p  + o „ )+ e “ "-‘'
S» -26,"'""' (C.23)
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Appendix D: Drawings
Several drawings are presented in this Appendix, which refer to the high pressure cell 
described in Chapter 7. A brief description of the drawings is also given.
Insulation 
Diamond 
Diamond enclosure 
Contact stripes 
Clamp 
Adjustment screw 
Adjustment plate 
Diamond adjustment 
Distance piece 
Prestress spring 
Electrical feedthrough 
Acorn nut '  
Bottom plate 
BeCu-cone 
Pyrophilite insulation 
Plug
i^v\XX\
Figure D l: Cross section through the high pressure p lug showing the com pression spring arrangem ent 
and electrical feedthroughs.
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Prestress plate 
Force transmitting rod 
Compression spring 
Spring bushing 
Spring guide 
Prism adjustment 
Prism holder 
Prism 
Lens
Gradient index rod lens 
Thread 
Fibre stub
Gold and aluminium packings 
Optical fiber
\
Figure D2: Cross section through high pressure plug showing com pression spring arrangem ent and  
optica l f ib re  feedthrough.
prism holder 
lens
ad justm ent plate  
adjusting screw  
set screw  
force transm itting  
sam ple  
BeCu—cone  
co n tact stripes  
distance piece
rod
Figure D3 Adjustm ent p la te  o f  the sam ple holder depicting optical elem ents and electrical contacts. 
L ow er diam ond dep ic ted  in the center, which can be positioned  by m eans o f  three se t screws and  
aligned with respect to the upper diamond. A lso shown is the prism  holder fo r  the coupling optics.
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Brief description of Figure D l, D2 and D3:
The sample holder is the core piece of the cell and is therefore described in more 
detail in this Appendix. It was designed in Colorado and parts of it were manufactured 
at the University of Ulm, Germany. The entire cell including the design, fabrication, 
testing and suggestions for improvements was the result of a large group effort which 
involved mechanical engineering students from the “Fachhochschule Regensburg”, 
physics students from the University of Ulm and Colorado State University and the 
author of this thesis. The author of this thesis was one of the few people who was 
involved almost over the entire period from the project’s inception until the 
completion of the testing.
The holder itself is mounted on a plug with electrical (Figure DI) and optical 
feedthroughs (Figure D2). The main puipose of the sample holder is to provide 
electrical contacts for the sample (e.g. laser). Secondly, it holds the sample and allows 
the application of uniaxial stress. The hydrostatic pressure is applied via a gas inlet 
inside the sample chamber. The uniaxial stress is applied by means of a force- 
transmitting rod, which transmits the force to the laser via two brilliant-cut diamonds 
acting as opposing anvils. A compression spring is placed between the force- 
transmitting rod and the upper diamond. The stress can be calculated using the 
displacement of the spring and the aiea of the laser being in contact with the diamond. 
Two copper stripes on the diamond surfaces are used as laser contacts. The octagonal 
diamond top planes can be aligned parallel using the three adjustment screws of the 
triangular plate, shown in Figure D3 in more detail. The concentricity of the diamonds 
can be adjusted with three setscrews integrated into the adjustment plate. This ensures 
that the uniaxial force is applied along a straight line through the centre of the 
diamonds and the laser sample. In order to obtain the concentricity of both diamonds, 
first one has to adjust the upper diamond with the guide for the spring bushing. This 
precision guidance is absolutely necessai'y for uniaxial stress experiments to prevent 
the diamond from moving with respect to the laser. A hole in the center of the spring 
bushing allows a view through to the diamond on the acorn nut, using a microscope. 
The upper setup of the holder has to be moved until a black dot maiker on top of the 
acorn nut appears, showing that the diamond is centered.
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Now the triangular plate with the lower diamond has to be assembled and aligned. A 
view from the side through another microscope allows the top planes of the diamonds 
to be adjusted until parallel by turning the adjustment screws and the setscrews, 
respectively, and by turning the plug. After the adjustment is completed, the bushing 
with the upper diamond is removed and the laser is placed between the contact stripes. 
Then the upper diamond is moved down slowly until it touches the upper contact and 
then the laser. The laser is fixed by pre-stressing the spring with four screws. This 
ensures that the laser stays in position when handling the plug and putting it into the 
high pressure cell. In addition, it prevents the sample from moving when hydrostatic 
pressure is applied and strongly compressed gas enters the high pressure chamber. 
After the plug with the sample holder is put into the high pressure cell, the preparation 
is completed and the measurement can be started.
There are two additional advantages of the cell design. Firstly, the force-transmitting 
rod can be moved in steps of 10p.m. This corresponds to an applied force of typically 
50mN, depending on the spring constant of the chosen compression spring. Secondly, 
the hydrostatic pressure can be adjusted in steps as small as 50bar.
The electrical feedthioughs (Figure D l) comprise of twelve wires with a diameter of 
0.1mm, which are sealed with a BeCu cone and insulated with compacted 
pyrophyllite powder (hydrated aluminium silicate, common names include lava, 
wonderstone, pipestone, catlinite). The angle of the cone is 29°, whereas the conical 
hole in the plug has an angle of 30°. In order to achieve a high pressure seal one has to 
pay special attention to the surface quality of the cones and to make sure that the 
pyrophyllite powder is very finely ground and contains no water. The necessary 
surface quality of the cone was obtained by polishing the cone for several hours using 
finer and finer grain diamond polishing paste. In order to extract all the water from the 
pyrophyllite, the powder was heated to a temperature of 1000°C and kept in a 
desiccator before use. If the powder changes its colour from white to grey, it has 
absorbed water and one has to repeat the heat treatment. Four of the twelve wires are 
lacquered thermocouple wires (NiCr/Ni, K-type) and the other eight are copper wires. 
One theimocouple is for spare in the case of that a wire is severely damaged when the 
cone is pressed in.
N
Appendix D Drawings_____________________________________________ ^
The emitted laser light is brought to the detector and into the spectrometer by 
coupling it into an optical fibre. In order to do this, an optical feedthrough had to be 
brought into the sample chamber in addition to the electrical feedthroughs. The fibre 
is glued into a fibre stub, which is sealed to the plug using a combination of 
aluminium and gold foils (Figure D2). This enables a broken fibre to be replaced 
easily and quickly. The laser light is emitted peipendicular to the direction of the fiber 
in the feedthrough due to the design of the pressure cell. The fibre has a bending 
radius much larger than the dimensions of the sample chamber. It was therefore 
necessary to use special optics to collect the laser light, reflect it through 90° and 
couple it into the optical fibre.
In the proximity of the laser, a plano-convex lens (Melles Griot, material: BK7, focal 
length 6mm, diameter 4mm) is used to collimate the emitted laser light. The beam 
then passes through a right angle prism (Melles Griot, material: BK7, dimensions: 4 x 
4 X 4mm with aluminium coating and black paint overcoat of the side opposite to the 
right angle) and is deflected by 90°. In order to maximise the amount of light being 
coupled into the fibre, the prism can be aligned using the three adjustment screws on 
the holder attached to the bottom plate (Figure D3). A graded index rod lens (Newport 
0.23 pitch, diameter 1.8mm) is used to couple the beam into the multi-mode optical 
fibre (Newport F-MTC). A large core multi-mode fibre is used for ease of coupling.
The optical alignment is performed by maximising the detector output whilst turning 
the adjustment screws.
